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Human Cytomegalovirus (HCMV) is known to evade host immunity, 

allowing it to persistently infect humans.  Although the strategies of HCMV to evade 

cellular immunity is well studied, there is limited understanding on how HCMV 

antagonizes humoral immunity. The neonatal Fc receptor (FcRn), an MHC class I-

related FcγR, plays a critical role in IgG-mediated humoral immunity. Through 

screening the HCMV proteome, we discovered that US11 specifically captured FcRn 

in both virally-infected and US11-expressing cells. US11 selectively inhibited the 

assembly of FcRn with β2m, impaired FcRn IgG binding capacity and blocked FcRn 

trafficking to the endosome by retention of FcRn in ER. Furthermore, US11 recruited 

Derlin-1 and E3 ubiquitin ligase TMEM129, to induce degradation of FcRn in US11
+
 

or HCMV-infected cells. This complex led to the dislocation of FcRn from the ER to 

the cytosol and facilitated its degradation in an ubiquitination and proteasome-

dependent manner. The cytosolic interaction between FcRn and Derlin-1 was shown 

necessary for degrading FcRn. FcRn is widely expressed in most cell susceptible to 



  

HCMV infection, including epithelial, endothelial and macrophage. Our data showed 

that either HCMV infection or recombinant US11 expression significantly inhibited 

human IgG transcytosis across polarized human primary intestinal epithelial Caco-2 

cells, vascular endothelial HMEC-1 cells and placental trophoblast BeWo cells, and 

facilitated considerable IgG degradation inside endothelial HMEC-1 cells. Hence, our 

results show that HCMV exploits the Derlin-1/TMEM129 pathway through US11 to 

disable FcRn, revealing a novel strategy for viral evasion from antibody mediated-

immunity. 

 

We also studied whether HCMV viral FcγRs (gp34 and gp68) and US11 work 

together to facilitate IgG degradation. HCMV vFcγRs has been reported to internalize 

IgG via endocytosis. Interestingly, we found that in acidic pH (6.0) condition, the IgG 

binding capacity of gp34 was largely impaired while the IgG binding capacity of 

gp68 had minimal change. Consequently, in the presence of FcRn, gp34 did not 

enhance IgG degradation whereas gp68 significantly promoted the IgG degradation. 

Furthermore, the presence of US11 induced more gp34 and gp68-mediated IgG 

degradation in FcRn
+
 cells. 
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Chapter 1: Introduction 

 

The Neonatal Fc Receptor (FcRn) 

Overview 

It has been known for decades that the maternal Abs can be transferred to offspring 

and protect them from infection in their early life. In the 1950s and 1960s, Brambell and his 

colleagues investigated the phenomenon that γ-globulins were particularly selected for 

transmission from maternal circulation in contrast to most other circulated proteins, 

recognizing that this transfer was completely dependent on the Fc region of IgG (2). They 

also discovered that IgG had a longer persistence in circulation than most other plasma 

proteins, and this long half-life required its Fc region and a saturable rescue process (3, 4). 

Based on these studies, Brambell postulated a receptor that controlled both the transport of 

IgG during early life and the protection of IgG from catabolism later in life. 

 

Brambell’s hypothesis has finally been confirmed since the cloning of FcRn was 

firstly achieved from neonate Rat by Simister and Mostov in 1989 (5). Rat FcRn was a 

heterodimer, comprised of β2-microglobulin and a 45-53kDa glycosylated heavy chain, 

associating with each other noncovalently. Then Human FcRn was also cloned from human 

syncytiotrophoblast (6), and the gene encoding FcRn heavy chain (FCGRT) was maped to the 

chromosome 19q13 (7). The FCGRT gene products are relatively conserved among 

mammalian species, with the human FCGRT encoded receptor sharing overall 66% 

homology with mouse FcRn (8). 
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Over the last two decades, following the discovery of FcRn wide distribution in 

diverse cell types and tissues, a variety of roles for FcRn have been elucidated. The 

expression of FcRn in the polarized epithelial cells, such as syncytiotrophoblast (6), 

enterocytes (9) and bronchial epithelial cells (10), is consistent with its function in the IgG 

transport across the epithelial barriers. Furthermore, FcRn is also identified to be highly 

expressed in a variety of endothelial cells (11), which contributes to the protection of IgG 

from lysosome degradation. Furthermore, FcRn is expressed by human myeloid-derived 

antigen-presenting cells (APCs), such as macrophages, monocytes, B cells and dendritic cells 

(12), suggesting an additional role of FcRn in antigen processing and presentation. 

 

FcRn belongs to the MHC- I family  

FcRn heavy chain is a type I glycoprotein consisting of α1, α2, α3 extracellular 

domains, a transmembrane region, and a short cytoplasmic tail. The association with β2-

microglobulin suggests that FcRn heavy chain may be a major histocompatibility complex 

(MHC) class I-related molecule as it is a mutual feature of the MHC class I family. Indeed, 

sequencing analysis unveiled that all three extracellular domains of FcRn heavy chain shared 

homology with the corresponding regions of MHC class I molecules (13). Despite the 

similarity between the extracellular domain of FcRn α-chain and other MHC class I 

molecules, their cytoplasmic domains share much less homology, distinguishing the 

functional activities of FcRn from that of other MHC class I family members (14).  

 

The X-ray crystallographic structure revealed by Bjorkman et al further confirmed the 

similarity between the overall three-dimensional structure of FcRn and that of the MHC class 

I family molecules (Figure 1.1) (15). However, the groove located between the α1 and α2-

helices in the MHC class I for peptiede or glycolipid ligands binding is occluded in FcRn. 
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This occlusion is primarily caused by a proline substitution of the conserved valine at 

position 165 of the α2 domain helix, resulting in a kink that close the potential peptide 

binding cleft (16). This nonfunctional version of the MHC peptide-binding groove has 

allowed FcRn to evolve to new functions as binding IgG and albumin (17). Similar with 

MHC-I, FcRn has been found to associate with calnexin and ERp57 in ER, which promote 

the folding and assembly of FcRn HC-β2m complex. However, unlike MHC-I, FcRn 

assembly does not require the peptide-loading complex TAP and tapasin, consistent with the 

absence of the peptide-binding groove in FcRn (294). 

 



 

 4 

 

Figure 1.1 The structural comparison of FcRn and MHC class I.  A. The crystallographic 

structure of FcRn and MHC I (18); B. the α1-α2 domain of FcRn and MHC I (19). 

 

The interaction of FcRn with IgG 

The ability of FcRn to bind IgG lays the foundation for its diverse functions in 

antibody-mediated immunity, thereby having triggered intensive studies on the mechanisms 

of FcRn-IgG interaction. The binding affinity of human FcRn to the four IgG subclasses in 

human (IgG1, IgG2, IgG3, and IgG4) ranges from 20 nM (IgG1) to 80 nM (IgG4) (20). 

FcRn–IgG co-crystal structure revealed that FcRn binds to the CH2–CH3 hinge region of IgG, 

which overlapped the binding site of IgG with staphylococcal protein A (21). Site-directed 

mutagenesis analysis disclosed that the Ile253, His310 in CH2 domain and the His435 in 

CH3 of domain IgG are the key amino acids that mediate in the interaction of IgG with FcRn 

(22, 23). On the FcRn part, the acidic residues Glu117, Glu132 and Asp 137 on the C-

terminal portion of the heavy chain α2 domain and the amino acid Ile1 on the β2m subunit 

play an essential role in FcRn-IgG binding (24). 

 

Different from other FcγRs, FcRn binding to the Fc region of IgG manifests a strictly 

pH-dependent manner (25, 26). At physiological pH7.4, FcRn cannot interact with IgG at 

detectable levels, while at acidic pH condition (pH6.0-6.5), FcRn binds to IgG with high 

affinity. Biochemical and crystallographic data reveal that, after binding at pH 6, neither 

FcRn nor IgG undergoes major conformational changes. Instead, it is the protonation of 

histidine residues (H310, H435, H436) in the CH2–CH3 hinge region of IgG1 that enables 

the formation of salt bridges at the FcRn–Fc interface with the acidic residues (E117, E132, 

and D137) on the α2 domain of FcRn, leading to the establishment a hydrophobic interaction 

between FcRn and the Fc portion of IgG (28). 
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FcRn-mediated IgG transport across polarized epithelial barriers  

FcRn was initially found in the transfer of maternal IgG to offspring in different 

animals. In the gut of rodents, the expression of FcRn in rodent is mostly on the epithelial 

cells at the proximal small intestine and then decline rapidly after weaning (29).   After the 

maternal IgG from ingested milk passes through the stomach into the duodenum, the acid pH 

at the proximal duodenum facilitates the binding of IgG to FcRn on the apical surface of the 

epithelial cells (30). Then FcRn-IgG complexes are internalized by receptor-mediated-

endocytosis and transcytosed across the epithelial cellular plasma, eventually releasing the 

IgG at the basolateral surface of the cell, due to an increase to physiological pH (28). No 

maternal IgG was transported in β2-microglobulin-/- or FcRn -/- mice (31), confirming the 

role of FcRn in the transport of IgG from mother’s milk to newborns. Nevertheless, in human, 

transporting across the placenta is the major route of maternal IgG delivery to the fetus. FcRn 

is highly expressed on the syncytiotrophoblasts epithelial monolayer, which transports IgG 

from maternal circulation to the placental villi capillaries of the fetus (32). The maternal IgG 

uptaken via the fluid-phase pinocytosis accumulates in endosome vesicles, where the gradual 

acidification makes possible the tight binding of IgG to the FcRn present in this compartment 

(33, 34). The vesicle then fuses with the membrane on the fetal side of the 

syncytiotrophoblast monolayer, where the physiological pH promotes the dissociation of IgG 

from FcRn (35, 36). FcRn is also present in human fetal intestine epithelial cells, where it 

may play an additional role in the uptake of IgG from ingested amniotic fluid to the fetal 

circulation (37). 

 

As a bi-directional IgG transporting receptor, FcRn can also mediated the transport of 

IgG from basolateral to apical direction (38). This leads to the considerations that FcRn may 

transport the pathogen-specific IgG from the circulation or lamina propria to the mucosal 
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surface to protect host from mucosal infection. Mucosal secretions of the human 

gastrointestinal, respiratory, and genital tracts contain both the IgG and secretory IgA (sIgA), 

which are equally effective against mucosal infection (39). Actually in humans, IgG 

concentrations predominate over sIgA in the lumen of the lower respiratory and female 

genital tracts (40, 41). Previous studies showed that systemically administered IgG provided 

protection against infection by respiratory syncytial virus in the human lung (42) and HIV in 

the monkey intestine and vagina (43). Given that FcRn is the sole transporter for IgG across 

the mucosal epithelial barrier, the secretions of protective IgG to the mucosal surface, mainly 

depend on this receptor. At the basolateral side of mucosal barrier, circulating IgG is likely 

internalized into polarized epithelial cells via fluid-phase pinocytosis and captured by FcRn 

in acidified endosome compartments (50).  Subsequently, FcRn can recycle the internalized 

IgG away from lysosome and to the cell surface at the lumen side of mucosal barrier, where 

the IgG is released into the extracellular milieu as a result of the neutral pH.  Indeed, 

several studies have demonstrated the importance of FcRn in the prevention or clearance of 

mucosal surface infection. Systemically administrated pathogen-specific IgG reduced 

mucosal diseases severity only in FcRn-competent mice upon challenge with pathogens such 

as Helicobacter pylori in gastric surface (44) and Chlamydia muridarum in genital tract (45). 

Moreover, passive transfer of neutralizing antibodies efficiently protected the mice from 

infection after genital challenge with SHIV in an FcRn-dependent manner (46), although it 

also relied on the antibody-neutralizing capacity and the non-neutralizing antibodies actually 

facilitated infection. 

 

Moreover, the capacity of bi-directionally transporting enables FcRn to serve more 

complex functions in immune surveillance, which are to secrete IgG to mucosal surface for 

capturing luminal antigens and to retrieve the IgG/antigen complex to the lamina propria for 

recognition by immune system. In contrast to the rapid decline in rodent gut after weaning, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2193935/#bib12
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the expression FcRn in human gut is constitutive throughout the entire life, suggesting an 

additional role of FcRn in human intestine besides maternal IgG transfer. By using a human 

FcRn transgenic mice, Blumberg and his colleagues showed that systemtically injected 

antigen-specific IgG was secreted across intestinal epithelial barrier into the lumen, where it 

can bind the orally-administrated antigen. Then FcRn was able to recycle the IgG-antigen 

complex back across the intestinal barrier into the lamina proria for processing by dendritic 

cells and presentation to CD4
+
 T cells in in the draining lymph node (47). Later, in a murine 

model of intestinal infection with Citrobacter rodentium, FcRn was shown to be essential in 

directing the bacteria-associated antigens from the intestinal epithelium to regional lymph 

nodes for initiation of an adaptive immune response (48). Beyond the intestinal, evidence also 

demonstrated that FcRn expressed in lung epithelial cells can scavenge luminal antigens 

across mucosal barrier and permit their efficient delivery to the immune system (10). 

 

FcRn-mediated IgG protection from catabolism 

In circulation, IgG has a longer half-life (6-8 days in mice and 21 days in human) than 

other serum proteins (1 day) that are not freely filtered by the kidneys (28). Evidence from 

the FcRn or β2-microglobulin knockout mice have demonstrated the important role of FcRn 

in maintaining the IgG homeostasis. In FcRn-deficient mice, the IgG half-life in circulation is 

significantly reduced from 6-8 days to 1 day (49), with the serum IgG level dramatic 

decreasing to 20–30% of wild-type animals (50, 51). The mechanism for FcRn-mediated IgG 

protection is likely through the salvage of the internalized IgG in FcRn-expressing cells. 

Following the entry into endosomes via fluid-phase pinocytosis, serum IgG is captured by 

FcRn present in these acdic cellular compartments. Subsequently, FcRn-bound IgG will be 

recycled away from the downstream lysosome vesicles and back to the cell surface, while the 

unbound IgG will be destined to degradation in lysosome (28). This hypothesis has been 

confirmed by several studies: (1). FcRn mainly resides in early endosomes, rather than at cell 
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surface (52, 12); (2). Recombinant IgG with FcRn binding site mutations was found mostly 

located and eventually degraded in lysosome as revealed by confocal microscopy analysis (53, 

54); (3). Live images have successfully elucidated the IgG intracellular recycling pathways 

(55, 56). 

 

 Besides the mechanism, the exact tissue and cell type for the FcRn-mediated IgG 

protection also need further investigation. In fact, the relative contribution of different cell 

types to IgG recycling depends on many factors, such as FcRn expression level, the rate of 

pinocytic/phagocytic activity and the concentration of IgG in the microenvironment. The 

conditional deletion of FcRn in the vascular endothelium of mice by using the Tie-2–driven 

Cre promoter revealed that the primary sites for the maintenance of endogenous IgG in mice 

are endothelial cells (57). Furthermore, a study using the bone marrow chimeric mice proved 

that myloeid-drived APCs such as monocytes, macrophages and dendritic cells also involved 

in the homeostasis of serum IgG in a FcRn-dependent manner (58). 

 

FcRn involvement in Antigen presentation 

Expression of FcRn has been demonstrated on both mouse and human hematopoietic 

cells, including APCs such as all subsets of DCs, macrophages, and monocytes and B cells 

(12, 58). This suggests that, in addition to the salvage of monomeric IgG, FcRn may also play 

an important role in antigen presentation via binding the IgG/antigen immune complex (IgG-

IC). Indeed, several reports have provided evidence that FcRn expression by DCs can 

promote the antigen presentation by  MHC class II molecules to CD4+ T cells (59) and the 

cross presentation by MHC class I molecules  to CD8+ T cells (60, 61).  DCs exposed to 

IgG–ICs, but not to the FcRn nonbinding IgGIHH–ICs (an IgG Fc mutant with I253A, H310A, 

and H435A mutations), induce significant CD4+ T cell proliferation both in vitro and in vivo 

in WT mice, while the capacity of DCs to present IgG–ICs is largely impaired in FcRn-
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deficient mice (59). The mechanism for FcRn involvement in this presentation process is 

proposed that FcγRs expressed on the surface of APCs cooperate with FcRn in the processes 

of antigen presentation, with FcγRs binding IgG–ICs on the cell surface at neutral pH and 

handing off them to FcRn in the acidified endosomes (58). The reason why the FcRn in DCs 

facilitates IgG-ICs degradation for antigen processing rather than protection and recycle of 

them is that the physical properties of the IgG-IC complex determine where it will be 

delivered by FcRn. Multivalent IgG–ICs are more likely to be diverted to the lysosome, in 

contrast, monomeric IgG is sorting into recycling endosomes and away from lysosomes (62). 

It was proved that the cross-linking of FcRn upon multivalent ligands binding diverts this 

receptor and its cargo to lysosomes (62), although the general mechanism for this sorting 

pathway is not clear. Furthermore, the invariant chain (Ii), which expresses in APCs and 

stabilizes the MHC class II, can also interact with FcRn and enhance FcRn distribution to late 

endosome /lysosome (63).  

 

FcRn distribution to endosomes is critical for FcRn functions 

In epithelial and endothelial cells, two major cell types where FcRn is highly 

expressed and governing the IgG transcytosis and homeostasis, FcRn displays a preferential 

intracellular distribution to an acidic compartment - endosome (12, 28 and 52). This is 

consistent with an important feature of FcRn that its binding to IgG exclusively occurs at 

acidic pH condition (25, 26). Thus, it is reasonable to conclude that it is indispensable for 

FcRn to enter into endosomes either directly from trans-Golgi-networks (TGN) or 

endocytosed from the cell membrane, in order to perform its major functions such as 

transporting IgG across mucosal epithelial barriers and maintaining IgG homeostasis in 

circulation  (Fig 1.2). However, the mechanisms for the regulation of FcRn distribution into 

endosome pathway are not fully elucidated. 
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Fig 1.2. FcRn-mediated recycling and transcytosis of IgG. From Martins et al., s 

Pharmacology & Therapeutics 161 (2016) 22–39. 

 

The sorting signals on the cytosolic tail of transmembrane proteins determine their 

trafficking pathway to endosomes (64, 65). These signals are consensus motifs, with a short 

and linear sequence of amino acids, including the tyrosine-based NPXY or YXXφ motifs (66, 

67) and the dileucine-based [DE]XXXL[LI] or DXXLL motifs (67, 68). The LDL receptor 

and insulin receptor contain NPXY-type sorting signals, whereas LAMP1, CD3, Polymeric Ig 

receptor and Transferrin receptor possess YXXφ−type signals (68, 65). Another large group 

of endosomal proteins contain dileucine-based motifs sorting signals, such as LIMP II, 

Invariant chain, CI-MPR and CD-MPR (65, 69). Both of the tyrosine-based and the 

dileucine-based motifs recruit the adaptor protein AP2 and induce the clathrin-mediated 
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endocytosis (70, 71). It should be emphasized that the later is also recognized by adaptor 

protein GGAs (Golgi-localizing, gamma-adaptor homology domain, ARF-binding protein), 

which involve in protein trafficking from the Golgi to the endosome (72).    

 

The cytoplasmic tail of all species of FcRn contains the endosome sorting signals: the 

DDXXXLL motif and the WXXφ motif, a variant of the canonical YXXφ motif (73).  By 

using the FcRn mutations with alanine replacing the key residues in these two motifs, Zhen 

Wu and Neil E. Simister demonstrated that both dileucine-based and tryptophan-based motifs 

were responsible for the endocytosis of FcRn and its ligand IgG-Fc, yet showing no evidence 

that such signals were also responsible for the sorting of FcRn from TGN (Trans Golgi)to the 

endosomes (74). Furthermore, the identification of calmodulin-binding motif in the 

cytoplasmic tail of FcRn solved the question why FcRn, after trafficking to endosome, was 

not further delivered to its downstream vesicle – lysosome. It was reported that calmodulin 

can bind directly to the FcRn cytoplasmic domain and sort FcRn and its cargo away from the 

lysosome degradation pathway and into a bidirectional transcytosis or recycle route (75).  

 

FcRn-based therapeutic strategies 

As FcRn prolongs the half-life of IgG, it is reasonable to think that therapeutic 

antibodies engineered with higher FcRn-binding affinity would have improved efficacy due 

to longer persistence in circulation. Subsequently, exploitation of the IgG–FcRn interaction 

has continued in non-human primates. It was reported that mutations (M252Y/S254T/T256E) 

in the anti-respiratory syncytial virus human IgG1 exhibited 10-fold increase in the affinity 

for FcRn, and a 4-fold increase in the half-life in monkeys, as compared to WT human IgG1 

(76). Moreover, antibodies with T250Q/M428L mutations exhibited a 29-fold increase in 

FcRn binding and a 2.5-fold increase in serum half-life in monkeys without alterations in 

antigen binding functions (77). In fact, the fusion of IgG-Fc portion to target proteins 
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constitutes a novel strategy for the half-life extension of all protein-based agents in the serum. 

Currently, 11 Fc-fusion proteins of various types had been approved by FDA (78), in some 

cases, with the half-life increasing up to 13 days in humans. 

 

Based on FcRn’s capability to transfer IgG across the polarized epithelial barrier, 

numerous strategies are proposed and applied in passive or maternal immunity that can give 

protection against pathogenic infection at the mucosal sites or in the fetus. Several studies 

demonstrated that FcRn mediated the transport of systemically administered, pathogen-

specific, neutralizing antibodies to the gastrointestinal or genital tract mucosal sites to defend 

against pathogen infections at the site of their entry (79, 80 and 81). And FcRn-mediated IgG 

across the syncytiotrophoblasts barrier was also employed in maternal immunity, as the 

treatment of mothers with human cytomegalovirus (HCMV) neutralizing antibodies protected 

fetus from congenital infection (82, 83). The abilities of FcRn to sample and process the IgG-

bounded antigens from the mucosal site are also explored to produce mucosal vaccines that 

can induce protections at the sites of the pathogen entry. Most commercially available 

vaccines administered by subcutaneous or intravenous injections can provide only minimal 

protection at sites of infection due to suboptimal activation of the mucosal immune system. 

Ye and his colleagues constructed a novel mucosal vaccine by fusing the HSV-2 glycoprotein 

gD antigen to the IgG-Fc portion and they found this gD-Fc fusion protein can be transferred 

by FcRn across the mucosal barrier to the lamina propria, thus inducing efficient immune 

responses both at mucosal and systemic levels (84). 

 

On the contrary, there are also attempts to interfere with the IgG-FcRn interaction so 

as to modulate the serum antibody level. These strategies are mainly applied in the treatment 

of autoimmune diseases, such as the myasthenia gravis, idiopathic thrombocytopenic purpura 

(ITP), rheumatoid arthritis and systemic lupus erythematosus (SLE). These diseases are 
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caused by excessive self-recognizing antibodies (85), which can be decreased by several 

FcRn-based therapeutic methods. In humans, high dosage of intravenous immunoglobulin 

(IVIG) has been approved for clinical treatment of autoimmunity, as it can reduce the 

endogenous pathogenic antibodies by saturating the IgG salvage pathway (86). Alternatively, 

administration of engineered IgG Fc mutants with unusually high affinity to FcRn results in 

rapid degradation of endogenous antibodies and attenuation of arthritic lesions (87). Blocking 

FcRn-IgG interaction by employing FcRn specific antibody is another approach to reduce 

pathogenic IgG. It has been reported that anti-FcRn monoclonal antibody alleviates the 

disease morbidity in rats with experimentally induced myasthenia gravis but not other 

immune diseases (88). 

 

Human Cytomegalovirus (HCMV) 

Overview 

Human cytomegalovirus, also known as Human herpes virus-5 (HHV-5), is a member 

of the pathogenic human β-herpesvirus subfamily of Herpesviridae. It has the largest genome 

of the characterized human herpesviruses, nearly 235 kb, containing approximately 192 open 

reading frames (ORFs) with the capacity to encode functional proteins (89). The double-

stranded genome DNA of HCMV is comprised of two domains, the unique long region (UL) 

and the unique short (US) region, separated by an internal repeat segment (IR). The UL 

region encodes 151 proteins from UL1 to UL151, while the US region encodes 34 proteins 

from US1 to US34 (90). In mature virions, the HCMV genome is housed in an icosahedral 

protein capsid that is surrounded by a layer of proteins called the tegument. The tegumented 

capsid is in turn enclosed within a lipid membrane envelope, which contains glycoproteins 

that mediate the viral entry into a host cell (91). Beyond the proteins necessary for the viral 

replication and structure, the large DNA genome enables HCMV to encode numerous 
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products for the host interaction, including: manipulation of cell cycle progress, modulation 

of the cellular stress response, apoptosis control and immune evasion (92). HCMV can infect 

and replicate in a wide variety of human cells, including epithelial cells of the gland and 

mucosal tissue, smooth muscle cells, fibroblasts, hepatocytes, vascular endothelial cells, 

macrophages and dendritic cells (93). This broad cell tropism facilitates the viral systemic 

spread in the individual human body and across the population. Moreover, HCMV establishes 

latency in myeloid cells of the bone marrow, leading to a life-long infection with sporadic 

reactivation (94). HCMV infection is typically asymptomatic and unnoticed in healthy people. 

 

In worldwide, HCMV infection is found in approximately 60% of adults in developed 

countries and almost 100% in developing countries (95). Although seemingly innocuous in 

healthy people, HCMV infection poses a life-threatening risk to immune compromised 

individuals. It is a common opportunistic infection in fetus, allograft recipients, bone marrow 

transplant patients and AIDS patients, causing significant increase in their morbidity and 

mortality (92, 96). Notably, HCMV is recognized as the leading infectious cause of 

congenital neurological disease via transmission through the placenta from the mother to the 

fetus (97). The social burden caused by HCMV has motivated the development of treatments 

and vaccines. However, so far, there is no HCMV vaccine approaching imminent licensure. 

And drugs, such as ganciclovir or cidofovir, which can inhibit HCMV replication, are far 

from ideal due to high toxicity, low bioavailability, and the development of drug-resistant 

virus strains (98). 

 

The life cycle of HCMV  

The first step of HCMV life cycle is the viral entry (Fig 1. 3. A) , during which viral 

envelope glycoproteins gB (UL55), gM/gN  (UL100/UL73), and gH/gL (UL75/UL115), 

interact with host receptors HSPG, EGFR and integrins to mediate fusion or endocytosis of 
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the virion into the cell (99). Then viral capsid and tegument proteins are delivered to the 

cytosol. Capsid-bound tegument proteins UL47/UL48 interact with the host microtubule 

machinery to transport viral capsids to the nuclear envelope (Fig 1. 3. B), with the subsequent 

release of the viral DNA into the nucleus (100). Other tegument proteins are delivered to 

different subcellular locations to inhibit the initial steps of immune response (UL83) (101), 

control cellular apoptosis (UL38) (102) and trigger the viral gene expression (UL82) (103). 

Tegument proteins induce a temporally regulated cascade of the expression of viral 

immediate early (IE) genes, followed by delayed early (DE) genes, which initiate viral 

genome replication, and late (L) genes, which constitute the viral structure (91, 102,104). 

Four HCMV L gene products (pUL46, pUL80, pUL85, pUL104) assemble the viral capsid in 

the nucleus and egress through the nuclear membrane by disruption of the nuclear lamina 

(Fig 1. 3. C) (105, 106). After the capsids enter the cytoplasm, the cellular secretory 

machinery, including the endoplasmic reticulum (ER), Golgi apparatus, and endosome, is 

hijacked to form a cytoplasmic viral assembly complex (AC), where capsids acquire their 

tegument layer and envelope by budding into intracellular vesicles (Fig 1. 3. D) (107, 108, 

109). Finally, the enveloped virion particles are released into the extracellular space. 

 

Like other herpesviruses, HCMV has two life cycle phases: a productive phase, where 

new virions are produced and a latent phase where gene transcription is restricted and no new 

virion produced. It is now well known that the site of HCMV latency is in myeloid lineage 

cells, including CD14
+
 monocytes and their CD34

+
 progenitor (110, 111). In these cells, a 

combination of lacking viral activators (112) and the presence of latency-associated 

repressors (110) on the major immediate early promoter (MIEP), suppresses lytic 

transcription and maintains latent state (113, 114). Upon terminal differentiation of these cells 

to mature macrophage or dendritic cells, however, changes in the nuclear environment trigger 

the activation of the viral MIEP and reactivation of lytic replication (113, 114). 
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Fig 1. 3. Overview of the human cytomegalovirus life cycle (92). 

 

HCMV cell tropism  

HCMV has a broad cell tropism, which has great influence on the pathogenesis of 

acute HCMV infections. Mucosal epithelial cells, vascular endothelial cells, smooth muscle 

cells, fibroblasts, monocytes and dendritic cells, are the predominant targets for viral 

replication (93). Infection of epithelial cells presumably contributes to inter-host transmission. 

For example, the infants’ gastrointestinal tract epithelial cells are exposed during breast 

feeding, through which HCMV can be transmitted from the breast milk of a seropositive 

mother (115). On the other hand, infection of endothelial cells facilitates systemic spread 

within the host. These cells support productive lytic infection and thus promote dissemination 

of HCMV from the circulating blood into organ tissues (116). As for the smooth muscle cells 

and fibroblasts, their ubiquitous distribution throughout the human body and high titers of 

viral release imply that they are the ideal platform for efficient proliferation of the HCMV 

(116, 117). In addition, as mentioned above, the myeloid lineage monocytes and dendritic 
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cells provide the shelter where HCMV can establish a latent infection to evade immune 

surveillance. 

 

  In cell culture studies,  a variety of primary cells cultures including retinal pigment 

epithelial cells, placental trophoblast cells, hepatocytes, neuronal and glial brain cells, kidney 

epithelial cells, vascular endothelial cells, monocyte-derived macrophages and dendritic cells, 

support the complete viral replication cycle (118,119). And skin or lung fibroblasts have 

become the standard cell type for isolation and propagation of HCMV from patient samples 

(91). However, the extensive propagation in fibroblasts results in the loss of broad cell 

tropism in the popular laboratory HCMV strains, such as AD169 and Towne. They have very 

low efficiency in infecting the epithelial and endothelial cells, while their parental clinical 

isolated strains such as TR and FIX maintained their epithelial and endothelial cell tropism. It 

was found later that the loss of broad cell tropism in laboratory strains is mainly because of 

the failure in viral entry stage (120). The introduction of bacterial artificial chromosome 

(BAC) technology and subsequent site-directed mutagenesis enables the scientists to identify 

that UL131–128 genes, absent in laboratory-adapted strains, are indispensable for the broad 

cell tropism (121). Their gene products, UL128, UL130 and UL131, associate with the viral 

envelope glycoproteins gH and gL to form a complex that plays a crucial role in viral entry 

into epithelial and endothelial cells (122). 

 

Diseases associated with HCMV infection 

With a widespread infection among the world population, HCMV has been associated 

with severe diseases in three groups of immunocompromised hosts: (a) fetuses presumably 

due to immunological immaturity, (b) allograft recipients due to cytotoxic anti-rejection 

agents and in some cases graft-vs-host reaction, and (c) HIV infection with loss of CD4
+
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lymphocytes and the consequent loss of adaptive immune responses (92). Diseases in these 

patients range from pneumonia, hepatitis, retinitis, enteritis to hearing loss and neurological 

damage (96). 

 

HCMV can be transmitted through the placenta from the mother to the fetus, resulting 

in spontaneous abortion, premature delivery and birth defects. Actually, it is believed as the 

leading infectious cause of congenital neurological disease (97). Approximately 2% women 

have their primary infection by HCMV during pregnancy (123). Among them, 32% transmit 

virus across the placenta to cause intrauterine infection (96). The fetus can also be infected by 

reactivation of latent maternal infection or by maternal reinfection with a new strain (124). 

Approximately 1% of women who are seropositive prior to pregnancy deliver babies with 

congenital HCMV infection (125). Considering the large abundance of seropositive women 

in the antenatal population, the number of consequent HCMV-infected newborns is 

substantial. Hearing loss and mental retard are the two major long-lasting sequelae, which 

occurs at a frequency of up to 5%-20% among infants with congenital HCMV infection (126, 

127). Brain neurological damage by intrauterinel HCMV infection mainly results from the 

loss of normal cortical architecture and intracranial calcium deposits, followed by the loss of 

the integrity of the endothelium and loss of cognitive function (128). Children with the 

neurodevelopmental disability caused by congenital HCMV infection often require long-term 

custodial care and extensive medical interventions, leading to a huge burden on the social 

healthcare system. 

 

Another type of immunecompromised people, allograft recipients, and bone marrow 

transplant patients also suffer from diseases by HCMV infection, causing end-organ severe 

diseases such as gastrointestinal ulceration, hepatitis, pneumonia or retinitis, and aggregating 

the graft rejection and dysfunction (91). The HCMV infection in these patients is mainly due 
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to infection in the transplanted organs or reactivation of host latent infection in the context of 

immune suppression. During solid organ transplantation, seropositive donors transmit HCMV 

to seronegative recipients at a frequency of 70% (129). Approximately 40% of seropositive 

recipients reactivate latent HCMV when given immunosuppressive drugs (130). Although 

many recipients receive antiviral prophylaxis treatment up to 100 days after transplantation, 

late infections still occur in approximately 20-30% of patients, and up to 50% of these 

infections are severe, suggesting that antiviral prophylaxis does not eliminate the clinical 

impact of HCMV in allograft recipients (131). As for the hematopoietic allograft recipients, 

the most severe disease is associated with pulmonary infection, a site rarely observed in sold 

organ allograft recipients, presumably due to the concomitant graft-versus-host reaction. 

Early reports showed a mortality rate of 70%-95% in patients with HCMV pneumonia in 

bone marrow allograft recipients (132). 

 

HCMV was one of the first opportunistic pathogens identified in the acquired 

immunodeficiency syndrome (AIDS) patients (133). The unique feature associated with 

HCMV infection in these patients is the end-organ disease in two organ systems, the 

gastrointestinal tract and the eye. The pathogenesis of disease in the gastrointestinal tract 

includes focal colitis and chronic dysfunction of the absorptive functions (134,135). A second 

unique manifestation of HCMV infection in AIDS patients is retinitis. In some reported 

studies, it led to vision loss as many as 25% of patients with AIDS (136). 

 

Therapeutic strategies for HCMV infection 

For the past several decades, the major drugs for preventing or treating HCMV 

infection are cidofovir and ganciclovir. Cidofovir showed activity against HCMV, but its 

renal toxicity precludes its application in routine clinical practice (92). Ganciclovir is used for 

preemptive therapy or prophylaxis in allograft recipients and also in AIDS patients to treat 
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with HCMV associated end-organ disease. However, its use in neonates to treat with 

congenital infection needs more cautious evaluation. A phase III clinical trial, where the 

neonates with CNS symptoms were randomized to receive ganciclovir or placebo treatment 

(137), showed that ganciclovir treatment reduced the cases of hearing loss and miss of 

developmental milestones. But it also showed that, at some doses level, this drug produced 

clinically significant neutropenia (138).  

 

So far, no HCMV vaccine appears to be approaching the imminent licensure (91). Yet, 

several potential live attenuated or subunit vaccines are actively testing in clinical trials. 

Among them, recombinant vaccines based on HCMV envelope glycoprotein gB is the most 

promising candidate, since up to 70% of the neutralizing antibody response to HCMV is gB-

specific (139).  A double-blinded, placebo-controlled phase II study of gB/MF59 vaccine 

revealed 50% protective efficacy of this vaccine in young women (140). For the protection of 

the fetus against the congenital infection, the optimal method is through the maternal 

immunity. The HCMV-specific neutralizing antibody produced in immunized mothers can be 

passively transferred through the placenta to the fetus. Although previous non-randomized 

studies with maternal HCMV-specific antibodies therapy manifested reduced intrauterine 

transmission of HCMV (141, 142), a randomized, placebo-controlled trial of the same 

preparation failed to repeat the initial observations(143). Thus, the application of maternal 

immunization in the prevention of neonatal HCMV infection still needs further evaluation. 

 

Human Cytomegalovirus Immune Evasion 

Innate immunity evasion 

During the viral entry into a host cell, HCMV envelope glycoproteins gB and gH 

activate the innate immunity receptor TLR2 through a physical interaction and initiate the 
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activation of cellular transcription factors NFκB (144). In most cases, the activation of 

canonic NFκB pathway will lead to the induction of a variety of inflammatory cytokines, 

including TNF-α, IL-1, IL-6, IL-8, IL-12, and IL-18 that are critical for the recruitment and 

activation of phagocytic leukocytes to the sites of infection (145). However, in HCMV 

infection, it was proved that the immediate early 86 kDa protein (IE2) can block the binding 

of NFκB to the target DNA, thus inhibiting the transcription of downstream inflammatory 

cytokines. (146, 147).  

 

Another innate immune response triggered by HCMV infection is the activation of the 

regulatory transcription factor IRF3 and the subsequent induction of Type I interferons, 

which establish an antiviral state in the infected and surrounding cells. It was proved that 

viral envelope gB was not involved in triggering the IRF3 pathway (148). Instead, the 

intracellular DNA sensor DNA-dependent activator of IRFs (DAI) was proved essential in 

activating the IRF3 in fibroblast cells (149). Recently a report shows that, in monocyte--

derived DC and macrophages, cyclic GMP/AMP synthase (cGAS) which senses viral 

cytosolic DNA and catalyzes the formation of the cyclic dinucleotide cGAMP, induces robust 

type I interferon responses to HCMV infection through the STING-TBK1-IRF3 signaling 

pathway (150). HCMV tegument protein pUL83 was found to counteract nuclear DNA 

sensor interferon-inducible protein IFI16 by interacting with its pyrin domain and blocking its 

oligomerization upon DNA sensing (151).  

 

Although interferon IFN production can be recognized by DNA sensors, HCMV can 

still block its downstream JAK/STAT signaling pathway. After the binding IFN-α or β to the 

type I IFN receptor, the phosphorylation of tyrosine kinase 2 (Tyk2) and Janus kinase 1 

(JAK1) phosphorylates STAT1 and 2, which will form a heterodimer and induce the 

upregulation of IFN-stimulated genes ISGs (152). A previous study uncovered that HCMV IE 
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72 kDa protein (IE1) associated with STAT2 to prevent its DNA binding and subsequent ISG 

induction (153).  HCMV can even survive in the ultimate stage of IFN-immunity, by 

compromising the function of ISGs products. IFN-induced protein kinase R (PKR) and 2′-5′ 

oligoadenylate synthetase (OAS)/RNaseL can shut off protein synthesis during viral infection. 

HCMV proteins pTRS1 and pIRS1 have been identified to block OAS-mediated eIF2α 

phosphorylation and to reduce RNA degradation by RNase L (154). 

 

Interference with antigen presentation  

Antigen presentation is the key step to initiate the host adaptive immune response 

against the invading pathogens. Classical MHC-I molecules can present the endogenous 

antigens to the TCR complex of the CD8
+ 

T cells and activate the CD8
+ 

T cells, which plays 

the crucial role in eliminating the intracellular pathogens, such as virus and mycobacteria 

(155). Classical MHC I molecules consist of α heavy chain, heterodimerized with the β2m 

subunit in the lumen of the endoplasmic reticulum (ER). The peptide loading complex (PLC), 

comprising of TAP1 and TAP2 subunits, is recruited to the MHC-I and translocates the 

cytosolic antigen peptides to the ER lumen (156), where these peptides are trimmed by ER 

aminopeptidases to obtain a length fitting the MHC I peptide binding groove (157). The 

MHC I–peptide complex is then transported to the cell surface for antigen presentation. The 

HCMV US6 gene family products, include US2, US3, US6, US10 and US11, induce strong 

downregulation of the MHC-I molecules from the cell surface ( as summarized in Table I. I), 

thus evading the CD8
+ 

T mediated cytoxicity. 

 

Expressed as an immediate early protein only a few hours after infection, US3 

interacts with MHC-I and retain MHC-I in ER lumen, consequently impairing its trafficking 

to cell surface (158). By using site-directed mutagenesis, Lee and his colleagues identified 
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three residues (Ser 58, Glu 63 and Lys 64) in the ectodomain of US3 are essential for US3 

retention, with a single mutation of any of the three residues interrupting its ER localization 

and MHC I retention ability (159). However, these three residues are not responsible for 

interaction of US3 with MHC I.  Although the exact residues responsible for the interaction 

between US3 and MHC I remains unidentified, both of the ectodomain and the 

transmembrane segment (TMS) of US3 were reported necessary to maintain this interaction 

(160). 

 

After retained in the ER, MHC-I molecules can be dislocated by HCMV early protein 

US2 from ER lumen to the cytosol for proteasome degradation (161).  The luminal domain of 

US2 is responsible for the recognition of MHC-I molecules (162). Although its 

transmembrane (TMS) and cytosolic tail are dispensable for MHC-I contact, they are 

necessary to complete subsequent steps of the interaction, such as forwarding MHC I for 

proteasomal degradation (163). On the MHC I part, the residues interacting with US2 are 

located in a region between the C-terminus of the α2 domain and the α3 domain (164). US2-

mediated MHC-I dislocation and degradation are through the hijacking of host ER-associated 

degradation (ERAD) (165). As revealed in an analysis of a lysine-free HLA-A allele, 

ubiquitination of the target MHC-I molecule is a prerequisite for US2-mediated MHC-I 

dislocation and degradation (166). Through a functional siRNA library screening, a 

multimembrane-spanning, ER-resident protein TRC8 was identified to be the E3 ligase 

utilized by US2, as the TRC8 depletion prevented the US2-induced ubiquitination and  

dislocation of MHC I and rescued MHC I from US2-mediated degradation (167). It was 

suggested that US2 interacts with the E3 ligase TRC8 via its TMS. US2 shows a broad 

substrate specificity beyond the classical MHC I molecules. A variety of reports uncovered 

that US2 can degrade non-classical MHC I molecules HLA-G (168), HFE (169,170) and 

CD1d (171), and the MHC class II α chains DR and DM (172). A recent study employing 
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plasma membrane profiling further expand the US2 targets to several surfacing receptors, 

including the NK cell ligand CD112, the anticoagulation factor thrombomodulin, IL12 

receptor β1 subunit and integrin family members α1, α2, α4, β1 (173). Consistent with 

previous discovery, US2 was proved to mediate their degradation in a TRC8-dependent 

manner (173).   

 

HCMV US11 is another protein that manipulates the host ERAD pathway to degrade 

the MHC-I molecules (174). The ectodomain of US11 interacts with the α2 domain and the 

α3 domain of the MHC I, but the TMS of US11 and the cytosolic tail of the MHC-I 

molecules are crucial in determining the MHC I degradation efficiency (175, 176). Later it 

was found that US11 is associated through its TMS with an ER transmembrane protein 

Derlin-1, which is required for the US11 mediated MHC I degradation (177). A single amino 

acid mutation (Q192L) in the US11 TMS disrupted its interaction with Derlin-1 and 

abolished the dislocation of MHC-I by US11 (178). Furthermore, the C-terminal amino acid 

of the MHC I determines the recruitment of Derlin-1 to MHC I by US11 (179). MHC-I 

molecules with the C-terminal amino acid being valine or alanine, such as HLA-A, B or C, 

will be degraded by US11, whereas other MHC-I molecules like HLA-G with other the C-

terminal residues are not affected. Taking advantage of the temperature sensitive E1 ubiquitin 

enzyme cell line, the requirement of ubiquitin is proved necessary for US11 activity (180). 

Further study showed that US11-mediated the degradation of a lysine-less MHC-I molecule 

(181), presumably through the ubiquitination of the nonlysine residues, including 

serine/threonine and cysteine (182). To uncover the E3 ligase utilized by US11, two 

independent groups used two different genetic screening approaches, the genome retroviral 

mutagenesis and shRNA screening (183,184). They revealed that the ER-resident membrane 

protein TMEM129 is the E3 ligase required for the US11-induced ubiquitination of MHC I 

and its subsequent retrotranslocation and proteasomal degradation. Both the studies 
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demonstrated the role of Derlin-1 is to bridge the US11 to TMEM129 through it TMS domain 

(183, 184). Ube2j2 was identified to be the E2 enzyme required by US11-mediated ERAD 

pathway. Interestingly, unlike the US2 proteins that will release the MHC I to the cell surface 

upon the depletion of it E3 ligase TRC8, US11 can still retain the MHC-I in the ER in the 

absence of TMEM129 (184). Therefore, US11 not only serves as a degradation factor but 

also as an ER retention factor, as previously observed with the US11 Q192L mutant (178).  

 

The HCMV late protein US6 does not interact directly with MHC I molecules, but 

blocks peptide loading by the peptide transporter TAP, leading to the efficient 

downregulation of all peptide-dependent classical and non-classical MHC I molecules (185, 

186). Like other US6 gene family members, US6 is a glycosylated type I transmembrane 

protein and blocks TAP through its ectodomain, with a core domain (aa 89–108) 

indispensable for TAP inhibition but not for binding and a site proximal to the ER membrane 

(aa 116–125) that confers  TAP interaction capability (187). After binding to TAP, US6 

inhibits crosstalk between the TMS domain and the cytosolic tail of both TAP subunits, thus 

blocking the binding of ATP to TAP, which is necessary for peptide translocation (188). 

The HCMV protein US10 was also proved to interact with MHC-I molecules (189). 

Further study revealed that this protein is able to degrade the HLA-G, which is a non-

classical MHC-I molecule mainly expressed in trophoblasts (190). The C-terminal cytosolic 

tail of HLA-G was important for this function, as the substitution with HLA-A2 cytosolic tail 

blocked US10-mediated degradation (190). A tri-leucine motif in the cytoplasmic tail of 

US10 was found to be crucial for HLA-G degradation (190). However, the degradation 

pathway utilized by US10 remains enigmatic and is believed to be different from that used by 

US2 or US11.     
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Escape from natural killer cell response 

After using the US2-11 gene products to interfere with MHC-I to compromise CD8
+ 

T 

cell activation, HCMV still needs to face the robust immune response from the natural killer 

cells (191). The downregulation of MHC-I molecules deprives NK cell inhibitory receptors of 

their ligands (192) and HCMV infection induces strong expression of ligands for NK cell 

activating receptors (193,194), rendering the HCMV-infected cells highly susceptible to NK 

cell recognition. However, HCMV has evolved strategies to evade NK cell immunity by 

either mimicking the endogenous MHC-I molecules or blocking the surface expression of NK 

activating ligands in the virally infected cells. 

 

HCMV mainly manipulates two NK cell inhibitory receptors: Leukocyte Ig-like 

receptor (LIR)-1 and the heterodimeric receptor CD94-NKG2A. LIR-1 is a type I 

transmembrane protein consisting of four Ig-like domains with a cytosolic tail harboring four 

ITIM repeats for the inhibitory signaling (195). A broad range of host MHC I molecules was 

identified as the ligands for LIR-1 to inhibit the NK cell activation (196). After 

downregulating most MHC-I molecules on the cell surface, HCMV expresses its own MHC-I 

homolog protein UL18 to engage the LIR-1 (195, 197). UL18 has 1000-fold higher affinity 

for LIR-1 than the HLA-A2, therefore, it can efficiently preserve the inhibitor signals at a 

low-level expression (198).  The high glycosylation of UL18 enables it to block the 

interaction with TCR, CD8, US2, US3, US11, thus avoiding the T cell activation and also 

escaping the viral-induced MHC-I inhibitory effects (195, 199). Another NK inhibitory 

receptor containing ITIM domain is the dimeric CD94/NKG2A, which engages with the 

peptide-bound HLA-E (200). Unlike other MHC-I molecules, HLA-E has high stringency for 

its peptides ligands, only presenting the leader sequences from the classical MHC-I such as 
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HLA-A, B, C. (201).  The inhibition of TAP by HCMV US6 also impairs the peptide loading 

to the HLA-E (202). However, the signal peptide of HCMV UL40 protein has the identical 

sequence to the HLA-C leader sequence VMAPRTLIL and can be loaded to the HLA-E in a 

TAP-independent manner (203). Therefore, HCMV utilizes the UL40 protein to enhance the 

HLA-E surface expression and compromise the NK activation via CD94/NKG2A (204). 

 

Downregulation of MHC class I proteins on target cells is insufficient to elicit NK 

cell-mediated cytotoxicity, and the lysis of target cells requires the ligation of specific NK 

activating receptors. NKG2D is broadly expressed NK cell activating receptor that is capable 

of recognizing at least 8 distinct ligands, with all of them non-classical MHC-I molecules (as 

summarized in Table I. I): MICA, MICB and the UL16-binding proteins 1-6 (ULBP1-ULBP6) 

(205). MICA and MICB are type I transmembrane proteins which preseve the MHC-I like 

α1-3 domains but donot associate with the β2m. The ULBP family are also non-classical 

MHC-I molecules but lacking the α3 and TMS domain and attaching to the cell membrane 

via a glycosyl-phosphatidylinositol (GPI) anchor (206). Cell surface expression of NKG2D 

ligands can be induced by the cellular stress, including genotoxic damage, growth stimulation 

or viral infection. Within 24 h post infection, HCMV activates all NKG2D ligands expression 

(193).  HCMV blocks the upregulation of NKG2D ligands through the sequestration of 

MICB, ULBP1, ULBP2, and ULBP6 in the ER by the UL16 protein (207, 208, 209, 210), the 

retention of MICA and ULBP3 within the cis-Golgi by the UL142 protein (211, 212), and the 

silence of MICB transcript by microRNA miRUL112 (213). Recently, HCMV US18 and 

US20 are identified as novel NK cell evasion proteins capable of promoting MICA 

degradation in lysosome (214). 

 

HCMV also interferes other NK cell activating receptors such as NKp30 and DNAM-

1. The HCMV tegument protein pp65 (UL83) mediates the dissociation of the ζ-chain from 
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NKp30, consequently diminishing the activating signal (215). HCMV UL141 is capable of 

suppressing surface expression of the DNAM-1 ligands: the nectin-2 (CD112) and necl-5 

(CD155) (216, 217). Whereas UL141 alone is sufficient to mediate retention of CD155 in the 

ER, it requires the cooperation of US2 to downregulate the CD112 (216). UL141 has a broad 

target specificity and can also promote intracellular retention of the TRAIL receptors DRs, 

which prevents virus infected cells from TRAIL-dependent NK cell-mediated killing (218). 

 

Antibody immunity evasion 

Antibody immunity is also critical for controlling the HCMV infection and 

dissemination, as the viral specific IgG can either directly neutralize the HCMV virion or 

activate the immune cells, such as Macrophages or NK cells through the surface FcγRs (219, 

220). However, even in people with normal humoral immunity, HCMV still frequently 

reactivates and causes interhost spread to uninfected population (124, 125). Recent clinical 

trials with the passive transfer of HCMV-neutralizing antibodies to HCMV-infected mothers 

failed in the control of congenital HCMV transmission to the fetus (143). All those 

observations mentioned above suggest that HCMV has evolved strategies to resist the host 

neutralizing antibodies. Unlike HCMV evasion to cell-mediated immunity, the elucidation of 

the mechanism for HCMV antibody evasion is just starting.                

                  

A recent report shows that the glycosylation of HCMV envelope protein gN 

contributes to resistance of the virus to neutralizing antibodies (221). Another study uncovers 

that HCMV can incorporate the envelope protein gH-specific antibodies into the assembling 

virions and utilizes the Fc domain of the incorporated antibody to infect naive cells, thus 

avoiding the blocking of viral entry by gH antibodies (222). More studies have focused the 

HCMV-encoded FcγRs such as gp34 and gp68, which are identified to play a crucial role in 
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interfering with the host antibody response. Through the HCMV deletion mutations, Atalay et, 

al identified that the UL119-UL118 gene encodes the 68 kDa glycoprotein gp68 and the 

RL11 gene encodes the 34 kDa glycoprotein gp34 (223). Both of those receptors can bind to 

human IgG through their extracellular domains and mediate the internalization of human IgG 

through a DxxxLL dileucine consensus motif in their cytoplasmic tail (224, 225). Those two 

viral FcγRs are believed to interfere with IgG binding to host FcγRs and enhance the IgG 

degradation through receptor-mediated endocytosis. Later, it was demonstrated they can 

compete with host FcγRIIIA (CD16) for binding to the viral-specific antibody on the surface 

of viral-infected cells, thus antagonizing the NK cell activation through antibody-dependent 

cellular cytotoxicity (ADCC) effect (226). Recent study elucidates two more HCMV vFcγRs: 

RL12 and RL13 (227). Although only expressed in clinical HCMV strains such as TR and 

Merlin and not necessary for the HCMV replication in cell culture, they show the efficient 

binding capacity to human IgG and are indispensable for the viral survive in the host, 

suggesting their role in the evasion of host antibody response. 

 

ER-associated degradation (ERAD) Pathway  

Overview 

An estimated one-third of the mammalian genome-encoded proteins are synthesized 

in the ER. Those proteins fold and assemble into naive structures with the aid of molecular 

chaperones and acquire posttranslational modifications in the ER before they are destined by 

the secretory pathway to cell surface membrane or extracellular space. However, proteins 

may not always fold and assemble into the correct conformation due to spontaneous errors, 

genetic mutations, toxic compounds and cellular stresses, such as increased temperature and 

osmotic stress (228). The newly synthesized proteins in ER is monitored by ER quality 
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control (ERQC) system which is mediated by molecular chaperones that not only help 

polypeptides folding but also evaluate the conformations of their substrates (229).  Misfolded 

and aberrant proteins failing to pass the ERQC will be degraded via ERAD pathway, a 

complex process through which folding-defective proteins are recognized, retrotranslocated 

from ER to the cytosol and ultimately degraded by the ubiquitin-proteasome machinery (230). 

Canonical ERAD pathway proceeds through four tightly coupled steps involving substrate 

recognization, retrotranslocation across the ER membrane, covalent conjugation with 

polyubiquitin, and proteasomal degradation. Each step is mediated by ERAD machinery 

components that are conservative among the mammalians cells. The inability of the ERAD 

system to destroy misfolded proteins is related to more than 60 diseases, such as neurological 

illnesses (Alzheimer’s and Parkinson’s) and cystic fibrosis (228). 

 

Infectious pathogens exploit various host cell biological processes for their survival 

and proliferation. Certain types of pathogens, including viruses and bacteria, preferably 

hijack the ERAD pathway, which can benefit them in two aspects. First, the downregulation 

of cell surface immune receptors by the ERAD is utilized for pathogens to escape the immune 

surveillance system. Typical examples are MHC I degradation induced by HCMV US2 and 

US11, and CD4 elimination mediated by HIV Vpu (231). Second, membrane translocation 

machinery from the ER into the cytosol is employed for the invasion of pathogenic toxins. 

The lumen of the ER is connected to the cell surface via vesicular transport, therefore the 

ERAD retrotranslocation machinery in the ER membrane could provide a channel for the 

exogenous pathogens to enter into the cytosol from the cell surface.  After internalized via 

endocytosis and further transferred in a retrograde direction via the secretory pathway from 

endosomes to the ER lumen, the AB toxins from cholera and diphtheria penetrate the ER 

membrane into the cytosol by utilizing the components from the ERAD machinery (231). 
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Physiological ERAD pathway 

The first step for ERAD pathway is to recognize its target. This is mediated by the ER 

quality control system which monitors the hydrophobic patches in the misfolded proteins and 

relies on their N-linked glycans to initiate ERAD. The vast majority of proteins synthesized 

in the ER are posttranslationally modified by covalent adding a high-mannose glycans chain 

to Asn residues within a consensus N-glycosylation motif (Asn-X-Ser/Thr) (232). The core 

structure of N-linked glycans is Glc3-Man9-GlcNAc2 (Glc: glucose, Man: mannose, GlcNAc: 

N-acetylglucosamine). These glycans are essential for the quality control system to monitor 

the conformational maturation of nascent glycoproteins. The N-linked glycans of the ER 

protein will be deglucosylated by glucosidases I and II to Glc1Man9GlcNAc2. The trim of 

glucose enables nascent glycoproteins to bind to the lectin-like chaperones calnexin (CNX) or 

calreticulin (CRT), which form a scaffold facilitating the oxidative folding. Further 

deglucosylation removes the final glucose from the N-glycan, subsequently precluding 

CNX/CRT binding to the glycoprotein and allowing the protein to egress from the ER (233). 

Proteins that have not acquired native conformation are captured by UDP-

glucose/glycoprotein glucosyl transferase (UGGT) for reglucosylation, thereby returning 

them to CNX/ CRT to undergo further rounds of oxidative folding (234). Proteins failing in 

native conformation will be sent to those ER mannosidases ERManI, EDEM1 and EDEM3 

for trimming the N-linked glycans to the demannosylated forms (Man5–Man7) ( 233, 235). 

This glycan form can not be targeted by UGGT for reglucosylation but will be recognized by 

ER mannose-specific lectins such as OS-9 and XTP3-B. Both OS-9 and XTP3-B contain the 

mannose-6-phosphate receptor homology (MRH) domains that bind to the terminal α-1,6 

mannosyl linkage exposed by the mannosidases trimming (236, 237).  
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In the next stage, the misfolded glycoproteins captured by OS-9 and XTP3-B will be 

linked to the ERAD dislocation machinery on the ER membrane through various adaptors. 

SEL1L is one of the adaptors that can bind OS-9 and XTP3-B (236, 238) and at the same 

time also interact with the ER dislocon derlin-1 (238, 239), which in turn recruit the VCP/p97 

complexes to drive substrate dislocation across the ER. Derlin-1 is a rhomboid 

pseudoprotease belonging to the rhomboid family with a compact helical bundle of six 

transmembrane domains (240). Although lacking the catalytic residues necessary for 

proteolysis, Derlin-1 preserves the overall rhomboid structure and conserved architectural 

elements (240). The rhomboid structure has been proposed to cause bilayer thinning, which 

could contribute to the destabilization of transmembrane domains by exposure of normally 

buried residues to a more aqueous environment (241). Therefore, when derlin-1 binds to the 

transmembrane domains of ERAD substrates, it destabilize the substrate and lower the energy 

barrier for extraction by VCP/p97 (230). VCP/p97 is a homohexameric enzyme that couples 

ATP hydrolysis to unfold and reorganize the structure of its substrate proteins, and plays a 

central role in the extraction of nearly all ERAD substrates out of ER. Its critical role in the 

ER dislocation is proved by the stabilization of nearly all ERAD substrates by the RNAi-

mediated knockdown, expression of dominant - negative, or chemical inhibition of VCP/p97 

(242, 243 and 244). However, as a cytoplasmic protein, VCP/p97 can only contact a lumenal 

ERAD substrate after it at least partially passed across the membrane to the cytosol. The 

mechanism for the initiation of substrate dislocation still needs further elucidation.  

 

The key step in the ERAD process is the ubiquitination of substrate, which determine 

their further recognition by the 19S proteasome subunits in cytosol. Protein ubiquitylation 

requires the action of an E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzymes 

and E3 ubiquitin ligases. In mammalians, ERAD-associated ubiquitination is primarily 

mediated by two RING domain E3 ligases: HRD1 ((Synoviolin) and gp78 (AMFR) (245, 
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246). Three E2 ubiquitin-conjugating enzymes function in mammalian ERAD are Ube2j1, 

Ube2j2 and Ube2g2 (247, 248). In a previous study that investigated the ERAD degradation 

of misfolded MHC I molecules in the absence of β2m, misfoleded MHC I polypeptide forms 

a complex with SEL1L, HRD1, gp78 and Derlin-1. However, HRD1 is identified as the only 

E3 ligase responsible for the MHC I ubiquitination and degradation, with Ube2j1 identified 

as the E2 ubiquitin-conjugating enzyme (245). Besides the HRD1 and gp78, more other 

ERAD E3 ligases with limited substrate range have been discovered, such as TEB4 

(MARCH6) (249), RNF5 (Rma-1) (250), TRC8 (167) and RNF170 (251). The involvement 

of those E3 ligases in ERAD mainly depends on the adaptors that link them to a specific 

substrate. The ERAD substrate 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoAR) is 

linked to its E3 ligase gp78 through Insig-1 (246), while the inositol 1, 4, 5-triphosphate 

receptors (IP3R) is linked to the E3 ligase RNF170 via Erlin-1/2 (251). Since most ERAD E3 

ligases have their RING domains in the cytosolic side of the ER membrane, it is reasonable to 

propose that they only ligase the ubiquitin to the cytosolic tail of their substrate. However, 

this hypothesis is contradictory to a recent report showing that, in the β2m-depleted cells, 

misassembled MHC I molecules are preferentially ubiquitinated on ER luminal residues by 

HRD1 (252). Therefore, the ERAD substrate should be partially dislocated before they are 

exposed to the ERAD E3 ligase for ubiquitination. 

 

Finally, the ubiquitinated substrate is further extract across ER memberane by the 

VCP/p97 which forms a complex with the heterodimer nuclear protein localization homolog 

4 (Npl4) and ubiquitin fusion degradation 1 (Ufd1) (253). Ufd1 and Npl4 recognize the K48-

linked polyubiquitin chains, which have been added by E3 ligase (254). The cytoplasmic 

deglycosylating enzyme Peptide N-glycanase (pNGase) is recruited to VCP/p97 complex to 

remove the N-linked glycans from dislocating substrate to facilitate its entry into proteasome 

(255). After retrotranslocation from ER to the cytosol, the ubiquitinated substrate will be 
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delivered to the proteasome for degradation. The 19S proteasome resident subunits regulatory 

particle non-ATPase-13 (Rpn13), Rpn10 and regulatory particle ATPase-5 (Rpt5) are 

identified as the ubiquitin receptors that bind the ubiquitin chains on the substrate (256). 

Rpn13 is proved to mediate the high affinity binding, and play a key role during substrate 

degradation in proteasome Rpn10, while the Rpn10 is thought to drive the substrates into the 

19S proteasome core for degradation (256). 

 

Pathogen hijacked-ERAD 

HCMV US2 protein can dislocate the ER MHC I molecules for proteasome 

degradation by taking advantage of the host ERAD machinery. US2 can physically bind to 

the MHC I heavy chain and link it to several ERAD components: p97 providing the driving 

force for retrograde transport, the Sec61 serving as the translocon and TRC8 as the ubiquitin 

E3 ligase (167, 239 and 257). However, other necessary components for endogenous ERAD 

pathway such as Derlin-1, SEL1L, Ufd1, and Npl4 were not included in the US2 mediated-

ERAD pathway (177, 257 and 258). US2 only utilized the minimal components from the host 

ERAD to degrade MHC I, presumably in order to avoid the competition with other host 

proteins that also degrade via ERAD pathway. How US2 utilize the p97 without the 

involvement of Npl4 and Ufd1 is still a mystery. E3 ligase TRC8 binds to the cytosolic tail of 

US2 to trigger the MHC-I ubiquitination and dislocation. Although US2-induced MHC I 

ubiquitination is lysine dependent, lysines residues in the cytoplasmic tail of MHC-I are not 

necessary, indicating TRC8 targets the luminal domain of the MHC-I heavy chain for 

ubiquitination (259). This is consistent with the ERAD degradation of endogenous MHC I, 

where partial dislocation is prior to the ubiquitination of the misassembled MHC-I molecules 

(252). 
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Compared to US2, HCMV US11 appears to rearrange the endogenous ERAD 

complex in a less drastic way. US11 directly interacts with MHC class I HC and delivers it to 

the ERAD pathway in conjugation with common ERAD components, including SEL1L (258), 

Derlin-1 (177), p97, Ufd1, Npl4 (254). The only difference between the US11-mediated 

ERAD and the physiological ERAD is that the US11 utilizes a less common ubiquitin E3 

ligase TMEM129 instead of the regular ERAD E3 ligase HRD1 (183, 184). US11 itself will 

not be degraded via by TMEM129-mediated ERAD, due to its short cytosolic tail that 

precludes its ubiquitination by TMEM129 (184). A cytosolic tail switch between US11 and 

MHC-I reversed their fate, triggering a rapid degradation of US11 in TMEM129-dependent 

manner, but leaving MHC-I completely unaffected (184). Thus, the US11 may acts as a 

pseudosubstrate for the E3 ligase TMEM129, which continually recruits the MHC I to the 

TMEM129 for ubiquitination. The subsequent degradation of MHC-I makes US11 free and 

able to bind the next MHC-I molecule and restarts the degradation cycle. 

 

 Human immunodeficiency virus can also use its virus protein U (Vpu) to drive CD4 

receptor to ERAD pathway for proteasomal degradation. In this way, HMV compromises the 

activation of helper T cells via MHC II-mediated antigen presentation and TCR recognition.  

(260). Vpu utilizes the cytosolic SCF-type ubiquitin ligase β-TrCP to ubiquitinate the CD4 

receptor, although β-TrCP does not usually contribute to the ERAD pathway (261). 

Ubiquitination of the non-lysine residues such as serine and threonine is also observed during 

Vpu-mediated CD4 elimination, although it is uncertain whether β-TrCP is responsible for 

this kind of ubiquitination (262). It has not been identified whether Vpu collaborates with 

other ER luminal or membrane-associated ERAD components for the retrotranslocation of 

CD4, however, Vpu itself contains a transmembrane region that contributes to CD4 

degradation (263). The ERAD extraction complex p97, Npl4, and Ufd1 have been reported to 
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participate in the Vpu-induced elimination of CD4 to provide the driving force for CD4 

penetration across the ER membrane to the cytosol (262). 

 
 

Bacterial toxins that exploit the host ERAD pathway for their invasion include cholera 

toxin (CTx), Pseudomonas exotoxin (PEx), Shiga toxins (STx), pertussis toxin, cytolethal 

distending toxin (CDT) (264). These toxins have a common complex structure, typically 

consisting of a single enzymatically active (A) subunit and multiple transmembrane-binding 

(B) subunits, and therefore called AB toxins. Through binding to specific cell surface 

glycolipids, glycoproteins, or receptor proteins, those toxins are internalized via endocytosis 

and transported in a retrograde direction from endosomes to the ER lumen (265). ERAD 

exploitation by bacterial CTx has been well characterized. CTx utilizes the endogenous 

ERAD components for its ER penetration such as Derlin-1, SEL1L and E3 ligase HRD1 / 

gp78 for its membrane penetration (266). A recent study suggests that the ubiquitin ligase 

activity of HRD1 and gp78 is indispensable for dislocation of the A1 chain, while it remains 

unclear whether the A1 chain itself is the target of this poly-ubiquitylation activity (267). The 

usage of p97, which is required as a driving force for extracting the poly-ubiquitylation of A1 

chain is undetermined, with evidence both supporting and refuting this (268, 269). A striking 

feature of ERAD hijacking by toxins is the evasion from proteasomal degradation after 

dislocation, the mechanism for which remains elusive. 

 

Questions to be addressed in my project  

HCMV expresses multiple viral proteins, such as US2 (161), US3 (158), US6 (186), 

US11 (174) and UL16 (205) to interfere with the expression, assembly and trafficking of 

classical and non-classical MHC-I molecules. Given that FcRn and MHC I molecules share a 

similar structure and sequence homology, does HCMV interfere with FcRn within infected 
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cells, so as to evade FcRn-mediated antibody immunity? First, we need to identify which 

proteins of HCMV can interact with FcRn. Do those proteins interfere with the expression, 

assembly and trafficking of FcRn?  Second, do those proteins really block the FcRn functions, 

such as IgG transcytosis and IgG salvage from catabolism, especially in the context of viral 

infection? Third, since several HCMV viral FcγRs can internalize IgG via endocytic pathway, 

do those viral FcγRs collaborate with FcRn-targeting viral proteins in facilitating IgG 

degradation? Those questions will be addressed in Chapter 2 and Chapter 3. 
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Chapter 2: Human cytomegalovirus evades IgG antibody-

mediated immunity through the endoplasmic reticulum-

associated degradation of the neonatal Fc receptor (FcRn) for 

IgG 
 

 

 

Abstract 

Human Cytomegalovirus (HCMV) is known to evade host immunity, allowing it to 

persistently infect humans.  Although the strategies of HCMV to evade cellular immunity is 

well studied, there is limited understanding on how HCMVantagonizes humoral immunity. 

The neonatal Fc receptor (FcRn), an MHC class I-related FcγR, plays a critical role in IgG-

mediated humoral immunity. Through screening the HCMV proteome, we discovered 

that US11 specifically captured FcRn in both virally-infected and US11-expressing cells. 

US11 selectively inhibited the assembly of FcRn with β2m, impaired FcRn IgG binding 

capacity and blocked FcRn trafficking to the endosome by retention of FcRn in ER. 

Furthermore, US11 recruited Derlin-1, a protein complex, as well as TMEM129, an ER-

resident E3 ubiquitin ligase, to induce degradation of FcRn in US11
+
 or HCMV infected cells. 

This complex initiated the dislocation of FcRn from the ER to the cytosol and facilitated its 

degradation in an ubiquitination and proteasome-dependent manner. The cytosolic interaction 

between FcRn and Derlin-1 was shown necessary for degrading FcRn. Because FcRn is widely 

expressed in most cell types capable of supporting HCMV infection, including epithelial, 

endothelial and macrophage, we found that either HCMV infection or recombinant US11 

expression significantly inhibited human IgG transcytosis across polarized human primary 

intestinal epithelial Caco-2 cells, Vascular endothelial HMEC-1 cells and placental 

trophoblast BeWo cells, and facilitated considerable IgG degradation inside endothelial 

HMEC-1 cells. Hence, our results show that HCMV exploits the Derlin-1/TMEM129 
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pathway through US11 to disable FcRn, thus revealing a novel strategy for viral evasion from 

antibody immunity, and having broad impact on the development of new treatment and 

vaccines for HCMV infection. 

 

Introduction 

Human cytomegalovirus (HCMV) is a herpesvirus found throughout the globe. 

HCMV infection can present with mononucleosis-like symptoms, progressing to latency, 

although infection in immunocompetent individuals is generally asymptomatic. However, 

both initial and reactivated HCMV infections pose a life-threatening risk in 

immunocompromised patients, such as transplant recipients, patients with uncontrolled HIV 

infection, and the elderly. In addition, due to its ability to infect the developing fetus in utero 

via placental transmission, HCMV is a cause of hydrops fetalis and is the leading infectious 

cause (97) of congenital abnormalities worldwide.  

HCMV has been historically successful in infecting humans due to its ability to evade 

the immune system and establish latency. Viral infections are normally controlled through 

antibody-mediated immunity and cell-mediated immunity, which involves CD4
+
 and CD8

+
 T 

lymphocytes and natural killer (NK) cells. Cell-mediated immunity is essential for controlling 

viral infections (279, 280), and individuals with genetic defects affecting cell-mediated 

immunity display a high susceptibility to HCMV infection (281). HCMV normally inhibits T-

cell activation by blocking TAP-dependent anterograde peptide transport into the 

endoplasmic reticulum (ER) (US6; 185,186), retaining newly synthesized MHC class I 

molecules in the ER (US3; 158, 270) and selectively degrading folded MHC class I 

molecules that have dislocated from the ER (US2 and US11; 161 and 174). HCMV US2 also 

destroys HLA-DR-a and DM-a, two components of the MHC class II pathway, preventing 

viral antigen recognition by CD4
+
 helper T-cells (172). In addition, the HCMV proteins 
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UL16, UL142, microRNA (miR)-UL112, US18, and US20 inhibit NK cell activation by 

moderating MICA, ULBP, and MICB, three ligands which normally engage the stimulatory 

NK cell receptor NKG2D (206, 213, 214). In total, by altering surface levels of T-cell and 

NK cell receptor ligands, HCMV interferes with the activation of cell-mediated immunity.  

 

In addition to cell-mediated immunity, antibody-mediated immunity is also important 

for suppressing HCMV infection. Anti-virus IgG antibodies neutralize virions and stimulate 

immune cells expressing one or more FcγR, such as FcγRI, FcγRII and FcγRIII (282). 

Several reports have reported the importance of antibodies in controlling infection (283, 284). 

However, latent HCMV has been shown capable of reactivation and super-infection, even in 

the presence of HCMV-specific IgG (275, 276). Furthermore, HCMV can circumvent 

neutralizing antibodies (nAb), either by inhibiting their binding using a heavily glycosylated 

viral glycoprotein (221) or by integrating their Fc region into the viral envelope, thus 

increasing the efficiency of viral binding and infection in FcγR-expressing cells (222). 

Interestingly, the HCMV genome also encodes several decoy FcγRs, which may indirectly 

prevent the FcγR-mediated effector consequences of anti-HCMV IgG antibodies (223, 226).  

 

The neonatal Fc receptor (FcRn) is composed of a membrane-bound heavy chain (HC) 

in non-covalent assembly with a common β2-microglobulin (β2m) (5, 15). This association of 

FcRn HC with β2m is required for FcRn complex anterograde transport from the ER (271). 

Although FcRn shares structural characteristics with MHC class I molecules, it cannot 

present antigenic peptides to cognate T cells due to its narrowed antigen-binding groove (19). 

Instead, FcRn binds IgG antibodies in a pH-dependent manner, with FcRn binding to the Fc-

region of IgG at pH below 6.5 and releasing IgG at higher pH (25).   
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In most cell types, FcRn is normally transported to early endosomes, with limited cell 

surface expression. Within these acidic endosomes, FcRn will bind endocytosed IgG (58). 

Depending on the cell type, FcRn will then either recycle IgG back to its original cell surface, 

as is the case with endothelial cells, or transport IgG to the opposite cell surface, as is the case 

with certain polarized epithelial cells. The near neutral pH of the extracellular environment 

then triggers the release of IgG from FcRn. Endocytosed IgG that does not bind FcRn moves 

to lysosomes, where it is degraded (51). FcRn, therefore, prolongs the half-life of IgG. As an 

antibody transporter, FcRn helps to establish passive immunity by carrying maternal IgG 

across the placental syncytiotrophoblast monolayer, as well as across polarized epithelium 

lining the neonatal respiratory, intestinal, and genital tracts (6, 9, 11 and 12). In all, FcRn 

plays a necessary role in establishing early neonatal immunity and is involved with immune 

responses to both infections and immunizations. 

  

Little is currently known about the relationship between HCMV and FcRn. HCMV is 

known to infect placental trophoblasts, epithelial cells, endothelial cells, macrophages (Mϕs), 

and dendritic cells (DCs) (93; 122), all cell types where FcRn is expressed (6, 11; 12). As 

FcRn is important in the generation of passive immunity, its inactivation could lead to 

superinfection of an unprotected developing fetus. Here, we have identified that the HCMV 

membrane glycoprotein US11 specifically captured human FcRn, inhibited its antibody 

traffickingfunctions, and caused its degradation. This process may be involved in limiting 

maternal IgG transport. We, therefore, propose a novel mechanism through which HCMV 

escapes antibody-mediated immunity. 
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Materials and Methods 

Cell lines, Antibodies and virus 

Human intestinal epithelial Caco-2 and HeLa cell lines were obtained from the 

American Type Culture Collection (Manassas, VA) and grown in complete DMEM. The 

human endothelial cell line HMEC-1, a dermal-derived microvasculature cell line, was 

provided by the Centers for Disease Control (Atlanta, GA) and was grown in complete 

DMEM medium. THP-1 cell line (kind gifts from Dr. Richard S. Blumberg, Harvard Medical 

School, Boston, MA) was grown in RPMI 1640 (Invitrogen) complete medium. Complete 

media were supplemented with 10 mM HEPES, 10% FCS (Sigma-Aldrich), 1% L-glutamine, 

nonessential amino acids, and 1% penicillin-streptomycin. Cells were grown in 5% CO2 at 

37°C. The HeLa
FcRn 

cell line stably expressing human FcRn was established as previously 

described (12) and grown in complete DMEM supplemented with 0.5mg/ml G418 sulfate 

(KSE scientific). HeLa
US11

 cell line stably expressing widetype US11 was established by the 

transfection of HeLa cells with a pEF6-HA-US11 plasmid (transfection protocol described 

below), whereas the HeLa
US11*

cell line stably expressing the mutant US11Q192L, whose 192 

Gln residue was replaced by Leu residue, was established by the transfection of HeLa cells 

with a pEF6-HA-US11Q192L plasmid. HeLa
US11+ FcRn

 cell line stably co-expressing FcRn and 

US11 was established by the transfection of HeLa
FcRn

 cells with pEF6-HA-US11 plasmid, 

whereas the HeLa
FcRn+US11*

 cell line stably co-expressing FcRn and mutant US11Q192L was 

established by the transfection of HeLa
FcRn

 cells with the pEF6-HA-US11Q192L plasmid. 

The cell line Caco-2
US11

 expressing HA-tagged US11 was established by the transfection of 

intestinal epithelial Caco-2 cells with the pEF6-HA-US11 plasmid. The plasmids used for 

transfection for those stable cell lines are described below. After transfection cells were 

cultured under 10µg/ml Blasticidin (Invitrogen). Surviving cell colonies were detected by 

immunoflourescence staining using the anti-HA antibody for US11 expression and cells with 
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high expression homogeneity were selected for subculture. Stable cell lines HeLa
US11

, 

HeLa
US11*

 and Caco-2
US11 

were grown in complete DMEM medium supplemented with 

5µg/ml Blasticidin. Stable cell lines HeLa
US11+ FcRn

 and HeLa
FcRn+US11*

 were grown in 

complete DMEM medium supplemented with 5µg/ml Blasticidin and 0.5mg/ml G418 sulfate.  

 

Rabbit or rat anti-FLAG epitope (DYKDDDDK) antibody was purchased from 

Sigma-Aldrich and BioLegend. The hybridoma 12CA5 and its clone 3F10, both of which 

react with the influenza hemagglutinin (HA, YPYDVPDYA) epitope, were purchased from 

ATCC and Roche. Rabbit anti-Myc (EQKLISEEDL) antibody and mouse anti-Myc IgG2a 

(clone 9B11) were from Cell Signaling. Mouse anti-human FcRn IgG2a (clone B-8) antibody 

and mouse anti-ubiquitin IgG1 (clone P4D1) were from Santa Cruz Biotechnology. Affinity 

purified polyclonal antibody against the cytoplasmic tail of human FcRn was described 

previously (63). Affinity purified polyclonal antibody against US11 was produced in mice as 

described below. Rabbit anti-TMEM129 polyclonal antibody was purchased from Sigma 

Aldrich. Mouse anti-MHC Class I (clone W6/32) antibody was from Enzo Life Sciences, Inc. 

Mouse anti-early endosomal Ag-1 (EEA1) and mouse anti-LAMP-1 were obtained from BD 

Biosciences. Mouse anti-HCMV pp65 IgG2a antibody was purchased from Abcam. HRP-

conjugated goat anti-mouse, rabbit or rat secondary antibody were purchased from Southern 

Biotech. Alexa Fluor 488-, Alexa Fluor 555-, and Alexa Fluor 633-conjugated secondary 

antibodies were purchased from Life Technologies. 

 

The HCMV AD169 strain was purchased from ATCC. An HCMV clinical strain was 

obtained from Dr. Jeffrey Cohen (National Health of Institutes) and propagated in MRC-5 

cells. At 10-14 day’s post-infection, the cell-associated virus was harvested by sonicating cell 

pellets, and the cellular debris was removed by centrifugation at 6,000 rcf for 20 min. Virus 

particles were concentrated by centrifugation at 20,000 rcf for 2 hr through a 20% sucrose 
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cushion. Virus titer was determined by quantifying TCID50 in MRC-5 cells using the Reed-

Muench method. 

 

Construction of protein expressing vectors 

The construction of pcDNA-FLAG and human FcRn expression plasmid pcDNA-

FLAG-FcRn was as previously described (12). Human HFE ORF was amplified from pCMV-

Sport-HFE and cloned into pCDNA-Flag to construct the plasmid pCDNA-Flag-HFE 

encoding a Flag-tagged HFE. The encoding sequence for FcRn cytoplasmic tail knockout 

molecule FcRn CT-/- or FcRn C-terminus amino acid deleted molecule FcRn 365A-/- was 

amplified from pCDNA-FLAG-FcRn and cloned into pCDNA-Flag to construct the plasmid 

pCDNA-Flag-FcRnCT-/- or pCDNA-Flag-FcRn365A-/-. To construct pSectag2 -Derlin-1-

Myc, Derlin-1 ORF was first amplified from HeLa cDNA and then amplified again by 

Derlin-1-Myc primers (Table 1.) that fused a Myc epitope with the C-terminus of Derlin-1. 

The encoding sequence for HCMV US2 or US11 was amplified from the cDNA of HCMV 

AD169-infected MRC-5 cells. The US2 ORF was further amplified by US2-HA primers 

(Table 1.) that fused an HA epitope with the C-terminus of US2 and cloned into the pEF6 to 

construct the plasmid pEF6-US2-HA. The US11 cDNA was inserted with an HA epitope 

sequence after the signal peptide sequence by US11-HA primers (Table 1.) through the site-

directed mutagenesis (Clontech) PCR amplification and cloned into the pEF6 to construct the 

plasmid pEF6-HA-US11 encoding a N-terminal HA-tagged US11. The US11 cDNA was 

mutated by the US11 Q192L primers (Table 1) via site-directed mutagenesis (Clontech) 

PCR to generate the US11Q192L mutant cDNA and cloned into pEF6 to construct the 

plasmid pEF6-HA-US11Q192L. To construct a pGex4T1-US11, GST-US11 primers (Table 1) 

were used to amplify a truncated 438 bp DNA fragment encoding the extracellular domain of 

US11 gene and the DNA fragment was subsequently cloned into the pGEX4T-1 (Amersham 
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Pharmacia Biotech) expression vector. The plasmid pCD71(TFR)-GFP was obtained 

from Dr. Gary Banker (Oregon Health & Science University, Portland, Oregon). 
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Production of affinity-purified US11-specific Abs 

Production of affinity-purified glutathione S-transferase fusion proteins was as 

previously described (63). Recombinant GST-US11 proteins were produced in BL21 cells 

(Invitrogen) following treatment with 0.2 mM IPTG (isopropyl-β-D-thiogalactopyranoside) 

for 16 hr. To produce anti-US11 antibodies, we immunized a mouse with the purified GST-

US11 fusion protein. Anti-US11 antibodies were then affinity purified from the immunized 

mouse sera. This procedure was approved by the University of Maryland Institutional Animal 

Care and Use Committee (IACUC).   

 

Transfection and proteins expression 

Cells were transfected with recombinant plasmids (described above) along with 

PolyJet transfection reagent (SignaGen Laboratories, Rockville, MD). Cells were plated 18 to 

24 hours prior to transfection. The PolyJet regeant (µL) and the plasmid DNA (µg) were 

mixed in serum-free DMEM at a ratio of 3: 1. After incubating for 10~15 minutes at room 

temperature, PolyJet/DNA mixture was dropped onto the medium and homogenize by gently 

swirling the cell culture plate. PolyJet/DNA complex-containing medium was replaced with 

fresh complete medium 12~18 hours post transfection. The transfection efficiency was 

examined by immunofluorescence or Western blot 24 to 48 hours post transfection. 

 

SiRNA interference 

Pre-designed siRNA products were synthesized from Genewiz (South Plainfield, NJ), 

including human TREM129 (#1: 5′- AUAGGCGAGAG UGAAGGUC -3′; #2: 5′- 

ACCGGUGGCAAACUUGUCA -3′), Ube2j1 (5’-UUAUUUGCCUAGCCAGUUC-3’), 

Ube2J2 (5’-UUGAACCACUCGAGAAUAU-3’) or HCMV US11 (#1:5’-



 

 50 

 

AGUCCCGGAGCCAFUAGCGUU-3’; #2:5’-UCGCACUCUACAUAAUAAGUU-

3’). Transfection of siRNA oligos against endogenous US11 and TREM129 genes was 

carried out using Lipofectamine 2000 Transfection Agent (Invitrogen) at a final concentration 

of 20 nM mixed siRNA oligomer #1 and #2 per well. Mock controls were transfected without 

adding the mixed siRNA oligomers. Each gene was targeted with two non-overlapping 

siRNAs to enhance effectiveness. Knockdown efficiency was confirmed by Western blot. 

  

IgG binding Assay 

A human IgG binding assay was performed as previously described (80). Cells were 

lysed in PBS (pH 6.0 or 7.4) with 0.5% CHAPS (Sigma-Aldrich) and protease inhibitor 

cocktail III (Calbiochem) mixture on ice for 1-2 hr. Post-nuclear supernatants containing 0.5 

– 1 mg of soluble proteins were incubated with human IgG-Sepharose (Rockland 

Immunochemicals) at 4°C overnight. Unbound proteins were washed off with PBS (pH 6.0 or 

7.4) containing 0.5% CHAPS. Adsorbed proteins were boiled with Laemmli Sample buffer at 

95°C for 5 min. The eluted fractions were subjected to Western blot analysis as described 

below. 

 

Gel electrophoresis, Western blotting, immunoprecipitation  

Cell lines and transfectants were lysed in PBS with 0.5% CHAPS and protease 

inhibitor cocktail III.  Protein concentrations were determined as described previously. The 

lysates were boiled with Laemmli Sample buffer at 95°C and resolved on a 12% SDS-PAGE 

gel under reducing conditions. Proteins were transferred onto a nitrocellulose membrane 

(Schleicher & Schuell, Keene, NH, USA). All blocking, incubation and washing were 

performed in 5% non-fat milk and 0.05% Tween 20 in PBS). The membranes were blocked, 
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probed separately with specific primary antibody overnight at 4 °C, washed, and then probed 

with HRP-conjugated secondary antibody for 2 hours. Proteins were visualized using 

SuperSignal West Pico Chemiluminescent Reagent (Thermo Scientific). Chemiluminescence 

signal acquisition and densitometry analysis were conducted using the Image Lab, version 5.2 

in a Chemi-Doc XRS imaging system (Bio-Rad Laboratories, Hercules, CA). 

Analysis of N-linked glycosylation 

N-linked glycosylation was analyzed as described previously (294). In brief, native 

FcRn in cell lysates or the proteins immunoprecipitated by HA murine antibodies were 

digested with N-acetylglucosaminidase H (Endo H; New England Biolabs) in digestion buffer 

(100 mM sodium acetate, pH 5, 150 mM NaCl, 1% Triton X-100, 0.2% SDS, 0.5 mM PMSF) 

or with peptide: N-glycosidase F (PNGase F; New England Biolabs) in 50 mM sodium 

phosphate, pH 7.5, with 1% NP-40. A mock digestion without enzymes was performed as a 

control. All digestions were performed for 2 hr at 37C. Proteins were analyzed on a 12% 

SDS-PAGE gel under reducing conditions and immunoblotted as previously described. 

 

Confocal immunofluorescence 

Immunofluorescence was performed as previously described (Ye L, 2008). Briefly, 

cells were cultivated on coverslips for 24 hr. Subsequent procedures were done at room 

temperature. The cells were rinsed with PBS, cold fixed in 4% paraformaldehyde (Sigma-

Aldrich) in PBS for 20 min, and quenched with glycine for 10 min. After two washes with 

PBS, the coverslips were permeabilized in solution (PBS containing 0.2% Triton X-100) for 5 

min and then blocked with blocking buffer containing 3% normal goat serum (NGS) for 30 

min. Antibodies diluted in blocking buffer were added onto the coverslips and incubated for 1 

hr. Cells were then incubated with Alexa Fluor 488 or 555-conjugated goat secondary 

antibodies in blocking buffer. Cells were also stained by DAPI (4', 6-Diamidino-2-

https://www.thermofisher.com/order/catalog/product/D1306
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Phenylindole, Dihydrochloride) for cell nucleus for 15 mins. After each step, cells were 

washed three times with 0.1% Tween 20 in PBS. Coverslips were mounted on slides with the 

ProLong antifade kit (Molecular Probes) and examined using a Zeiss LSM 510 confocal 

fluorescence microscope. Images were processed using LSM Image Examiner software 

(Zeiss). Quantitative colocalization measurements were performed using Zeiss LSM 510 

Examiner Software. Pearson’s correlation coefficient was calculated for describing the co-

localization correlation of the intensity distributions between two channels, as previously 

described (Bai Y, 2011). In each quantitative experiment with transfected HeLa or infected 

Caco-2 cells, 100 representative cells were analyzed. A value of p < 0.05 was considered 

significant. 

 

Flowcytometry analysis 

Cells were washed with FACS washing buffer (2% FBS in PBS), if necessary 

detached by 10% EDTA for 20 mins and pelleted. For surface staining, cells were 

resuspended in FACS washing buffer with primary antibodies for 40 mins incubation at 4 °C. 

For intracellular staining, cells were resuspended with the Fixing/Permealizing Buffer (BD 

CytoFix/CytoPer Kit) for 20 mins incubation at 4 °C, washed and then were incubated in 

FACS washing buffer with primary antibodies for 40 mins at 4 °C. After 2 times wash, cells 

were incubated with FITC-conjugated secondary antibodies for 40 mins incubation at 4 °C 

and washed again, fixed in cold PBS with 2% paraformaldehyde, and analyzed using a 

FACSAria II and the software FlowJo. 
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Quantitative Cycloheximide (CHX) chase assay 

Cells were treated with CHX (100 μg/ml) for the indicated hours and then lysed. The 

cell lysate was analyzed on a 12% SDS-PAGE gel under reducing conditions and 

immunoblotted with corresponding Abs. The expression levels of target proteins in cell lysate 

were quantified by the band density (relative band volume) measured by Image Lab 5.2. The 

levels of remaining target protein at different time points were calulated as the percentage of 

initial protein level (0 hour of CHX treatment).  

Detection of protein ubiquitination in cultured cells 

Cultured cells were transfected with plasmids expressing US11 along with a FLAG-

tagged version of FcRn, HFE, and HLA-A2. 48 hr later, cells were treated with 50 μM 

MG132 (Calbiochem) for 2 hours and subsequently lysed in PBS with 0.5% CHAPS and 

protease inhibitor cocktail III. Protein concentrations were measured; the proteins (0.5-1mg) 

were precipitated with anti-FLAG Rabbit antibody. The cell lysate-bead mixtures were 

incubated at 4°C overnight with continuous rotation. Immunoprecipitates were then washed 

three times and eluted from the protein G complex with Laemmli Sample buffer, heated at 

95C, run on SDS-PAGE, and subjected to the immunoblotting analysis to detect ubiquitin 

and the target proteins with respective antibodies.  

 

Cell fraction 

After a 4-hour incubation with or without 50 μM MG132 at 37 °C, cells were pelleted 

and fractured by three times freeze-thaw cycle on dry ice (245). Membrane fractions were 

pelleted from supernatants by ultracentrifugation at 100,000 × g (Beckman XL80, 28700 rpm) 

for 2 h. Soluble (cytosolic) fractions were collected and diluted in 1% Triton X-100. Pellet 

(Membrane) fractions were washed with PBS and resuspended in 1% Triton X-100.  
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Enzyme-linked immunosorbent assay (ELISA) 

Human IgG was quantified using ELISA (Bethyl Laboratories, Montgomery, TX). 

ELISA plates (Nunc) were coated with 10 µg/ml goat anti-human IgG-Fc Ab overnight at 

4°C. Plates were washed three times with PBST (0.05% Tween 20 in PBS) and then blocked 

with 10% FBS in PBS for 1 hr at room temperature. Plates were washed with PBST three 

times and incubated with either an IgG standard or the transcytosis samples diluted in 10% 

FBS for 2 hr at 25
o
C. Plates were washed for five times with PBST and incubated with 

0.1 µg/ml HRP-conjugated goat anti-human IgG-Fc Ab for 1 hr. After plates were washed 

with PBST seven times, we added the substrates tetramethylbenzidine and hydrogen peroxide 

to initiate a reaction. 1M sulphuric acid was added to stop the reaction. The colorimetric 

reaction was read at 450 nm using a Victor III microplate reader (Perkin Elmer). 

 

In vitro human IgG transcytosis  

IgG transcytosis was performed as previously described (Li, 2011). BeWo cells, 

Caco-2 cells or Caco-2 transfected with either pEF6 alone or pEF6-HA-US11 were grown 

onto 0.4 µm Transwell filter inserts (Corning Costar) to form a monolayer that exhibited a 

transepithelial electrical resistance (TER) of 600 ohms/cm
2 
for

 
Caco-2 and 400 ohms/cm

2
 for 

BeWo, measured using planar electrodes (World Precision Instruments). Prior to infection, 

cell monolayers were washed twice with PBS and then were mock-infected or infected with 

HCMV clinical strain at an MOI of 10 for 2 hr. After washing, cells were incubated for 48 hr 

at 37°C in an atmosphere of 5% CO2.  TER was assessed instantly after adding fresh complete 

medium to verify that monolayers had remained intact during the infection procedure. Human 

IgG was added to the medium at a final concentration of 0.5 mg/ml (for Caco-2 cells) or 

0.25mg/ml (for BeWo cells) and monolayers were incubated for 2 hr at either 4ºC or 37°C. 
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An aliquot of the buffer was collected into which apically-directed IgG transport was 

conducted. For detecting human IgG, the basolateral medium was concentrated with 0.5 ml 

Amicon Ultra 10K centrifugal filter (Millipore, Billerica MA). ELISA to quantify human IgG 

was performed according to the manufacturer instructions by Bethyl Laboratories 

(Montgomery, TX). Transported IgG proteins were analyzed by Western blot-ECL or ELISA.  

 

In vitro human IgG protection  

To perform the human IgG protection assay, either HEMC-1 cells (2.5 x 10
5 
/ml), 

HeLa
FcRn+US11

 or HeLa
FcRn

 (10
6
) were cultured in 2ml complete medium that contains 5% FBS 

with ultra-low IgG. After HEMC-1 cells were infected with 5 MOI of HCMV or Mock-

infected for 48 hr, they were then incubated complete medium supplemented with 50 

µg/ml human IgG for another 48 hours. During this incubation, the supernatant medium was 

sampled at 0, 12, 24, 36, 48 hr and the IgG concentration in each medium sample was 

measured by ELISA. To visualize human IgG trafficking inside the infected-HEMC-1 (5 X 

10
4
), we infected them with 5 MOI of HCMV or Mock-infected for 48 hr, then incubated in 

complete medium with 250 µg/ml human IgG for 1 hr at 37°C. HeLa
FcRn+US11

, HeLa
FcRn

 cells 

were also incubated in complete medium with 250 µg/ml human IgG for 1 hr at 37°C. After 

washing, cells were incubated in complete medium without IgG for an additional 1 hr at 37°C, 

then fixed and stained by immunofluorescence for the co-localization of human IgG with the 

early endosomal marker EEA1 or lysosomal marker LAMP1. For Pearson’s correlation 

coefficient measurement, 10 scopes, each of which contains at least 10 cells, were measured 

for correlation coefficiency rate. 
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Statistic 

The differences between groups were tested by Student’s t-test with a significance 

level of 0.05. Data are expressed as mean ± SD. * P < 0.05, ** P < 0.01, and *** P < 0.001. 

 

Results 

HCMV glycoprotein US11 interacts with FcRn  

HCMV genes, US2, US3, US6, US10, US11, UL16, and UL18, were cloned by PCR 

amplification of viral DNA. We probed the interaction between FcRn and each HCMV 

individual protein. For screening purpose, the stable HeLa
FcRn

 cells were transfected with 

plasmids encoding each of the HA-tagged HCMV cDNAs. On the basis of strong binding to 

FcRn, we selected US11 gene in this study. 

 

HeLa
FcRn

 or HeLa cells were transfected with plasmids encoding HA-tagged US11 

cDNA. Cells were lysed with CHAPS buffer and used for immunoprecipitation with either 

anti-FLAG (for FcRn) (Fig. 2.1A) or anti-HA (for US11) (Fig. 2.1B) mAb. 

Immunoprecipitates were analyzed by blotting with anti-HA or Ab or anti-FLAG Ab. Anti-

FLAG Ab coimmunoprecipitated US11 protein (Fig. 2.1A, lane 1) and anti-HA Ab 

coimmunoprecipitated FcRn heavy chain (HC) (Fig. 2.1B, lane 1). Colocalization between 

FcRn and US11 was also analyzed by confocal microscopy (Fig. 2.1C). FcRn appeared in a 

punctate or vesicular pattern within HeLa
FcRn

 cells. US11 (green) was highly colocalized with 

FcRn (red) in HeLa
FcRn

cells expressing US11 (Fig. 2.1C, right). To show whether this 

interaction identified is specific, we co-expressed FcRn with US2 or US11 with another 

MHC-I-like molecule HFE molecule that regulates iron homeostasis at the similar expression 

levels in HeLa cells. We failed to detect the interaction of FcRn with US2 (Fig. 2.1D and E, 



 

 57 

 

lanes 1) or HFE and US11 (Fig. 2.1F and G, lanes 1) in a reciprocal immunoprecipitation 

experiment.  

 

Both US11 and FcRn are type I transmembrane glycoproteins. To understand how 

US11 and FcRn interact, GST-US11 or GST-FcRn CT fusion proteins were produced (Fig. 

2.1H), where DNA encoding the extracellular domain of US11 or the cytoplasmic tail (CT) of 

FcRn was fused to GST. In pull-down assays, GST-US11 (Fig. 2.1I, lanes 1-2), but not GST 

alone (Fig. 2.1I, lanes 3-4), captured human FcRn from HeLa
FcRn

 (Fig. 2.1I, lane 1) cells. A 

GST fusion protein containing only the cytoplasmic tail of FcRn failed to pull down US11 

from stable cell line HeLa
US11

 cells (Fig. 2.1J, lane 1). The results support a hypothesis that 

extracellular domains of US11 and FcRn are the main sites of contact.  
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Figure 2.1 FcRn interacts with the HCMV US11. Cell lysates were immunoprecipitated 

(IP) with Abs and the immunoprecipitates were subjected to 12% SDS-PAGE electrophoresis 

under reducing conditions, then transferred to a nitrocellulose for Western blotting. 

Immunoblots (IB) were developed with ECL. Each experiment was performed at least 2-3 

times. A+B. HeLa
FcRn

 is a HeLa stable cell line expressing the FcRn. HeLa
FcRn

(US11) cells 
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were from HeLa
FcRn

  cells transfected with a pEF6-HA-US11 plasmid that expressed both 

FcRn and US11. HeLa (US11) cells were from HeLa cells transfected with a pEF6-HA-US11 

plasmid that expressed US11. The cell lysates from HeLa
FcRn

 (US11) (lane 1), HeLa
FcRn

 (lane 

2), HeLa (US11) (lane 3), and HeLa control (lane 4) were immunoprecipitated by mAb anti-

HA for US11 or anti-FLAG for FcRn. The immunoprecipitates were subjected to Western 

blotting with anti-FLAG or HA mAb as indicated. C. Colocalization of FcRn and US11 in 

HeLa
FcRn

 (US11) cells. Cells grown on coverslips were fixed with 4% paraformaldehyde and 

permeabilized in 0.2% Triton X-100. Subsequently, the cells were incubated with affinity-

purified anti-FLAG (FcRn) or anti-HA (US11) specific mAb, followed by Alexa Fluro 488- 

or 555-conjugated IgG. Puncta that appear yellow in the merged images (right panel) indicate 

colocalization of FcRn with the US11 protein. The nuclei were stained with DAPI (blue). 

Scale bar represents 10 μm. D+E.  HeLa
FcRn

 (US2) cells were from HeLa
FcRn

 cells transfected 

with pEF6-US2-HA plasmid that expressed both FcRn and US2. HeLa (US2) cells were from 

HeLa cells transfected with pEF6-US2-HA plasmid that expressed US2. The cell lysates from 

HeLa
FcRn

 (US2) (lane 1), HeLa
FcRn

 (lane 2), HeLa (US2) (lane 3), and HeLa control (lane 4) 

were immunoprecipitated by mAb anti-HA for US2 or anti-FLAG for FcRn. The 

immunoprecipitates were subjected to Western blotting with anti-FLAG or HA mAb as 

indicated.F+G. HeLa
 
(HFE+US11) cells were HeLa cells co-transfected with pCDNA-Flag-

HFE and pEF6-HA-US11 plasmids that expressed both HFE and US11. HeLa (HFE) cells 

were from HeLa cells transfected with a pCDNA-Flag-HFE plasmid that expressed HFE. The 

cell lysates from HeLa (HFE+US11) (lane 1), (HFE) (lane 2), HeLa (US11) (lane 3), and 

HeLa control (lane 4) were immunoprecipitated by mAb anti-HA for US11 or anti-FLAG for 

HFE, respectively. The immunoprecipitates were subjected to Western blotting with anti-

FLAG or HA mAb as indicated. The cell lysates (input) were blotted as controls. H+I+J. 

US11 interacts with FcRn through its ER-luminal domain. The cDNA fragment encoding 

extracellular domain of US11 or cytoplasmic tail of FcRn was fused to the GST and 

expressed as a GST fusion protein. Productions of GST fusion proteins are described in 

Materials and Methods. H. GST, GST-US11, and GST-FcRn CT fusion proteins were stained 

with Coomassie blue and used for in vitro pull-down assays. I. GST-US11 proteins were 

incubated with the cell lysates from HeLa
FcRn

 (lane 1) or FcRn-negative HeLa (lane 2) cells. 

GST proteins are shown as negative controls in lanes 3, 4, respectively. Cell lysates are used 

as loading control (lanes 5, 6). J. FcRn cytoplasmic tail (CT) expressed as a GST fusion 

protein were incubated with HeLa
US11

 (lane 1), HeLa (lane 2). GST protein is a control in 

lanes 3 and 4. HeLa
US11

 or HeLa cell lysates are used as loading control (lanes 5, 6). Beads 

were completely washed with buffers. In each experiment, GST-fusion protein binding was 

assessed by immunoblot as indicated. 

 

US11 interacts with FcRn in HCMV-infected cells 

To further verify whether US11 interacts with FcRn in HCMV-infected cells, human 

intestinal epithelial Caco-2 cells, vascular endothelial HMEC-1 cells and macrophage-like 

THP-1 cells were infected with HCMV clinical strain virus at an MOI of 5. The expression of 

the phosphoprotein 65 (PP65) protein, a most abundantly produced virion protein in HCMV, 

was used as an evidence for viral infection in epithelial and endothelial cells (Fig. 2.2A and 

B). At day 2 post-infection (p.i.), the cell lysates from infected or mock-infected cells were 
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immunoprecipitated by anti-US11 Ab (Fig. 2.2C) or anti-FcRn Ab (Fig. 2.2D). Consequently, 

anti-US11 Ab coimmunoprecipitated FcRn HC in the infected Caco-2 cells (Fig. 2.2C, lane 1) 

and HeLa 
FcRn

 cells (Fig. 2.2C, lane 3). Similarly, anti-FcRn Ab also coimmunoprecipitated 

US11 protein in the infected Caco-2 cells (Fig. 2.2D, lane 1) and HeLa 
FcRn

 cells (Fig. 2.2D, 

lane 3). The immunoprecipitations of the lysates from mock-infected Caco-2 or HeLa 
FcRn

 

cells failed to pull down either FcRn (Fig. 2.2C) or US11 (Fig. 2.2D). Importantly, this 

interaction between US11 and FcRn was not limited to HeLa or Caco-2 cell; their interactions 

were also identified in human endothelial HMEC-1 (Fig. 2.2E and F) and macrophage-like 

THP-1 (Fig. 2.2G and H) cell types. These results strongly showed that FcRn and US11 

proteins specifically interact each other in the US11-transfected or HCMV-infected human 

cells. 
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Figure 2.2 US11 interacts with FcRn in HCMV-infected cells. A+B. HCMV-infected 

Caco-2 and HECM-1. Caco-2 and HECM-1 cells were grown on glass coverslips and 

infected with HCMV at an MOI of 5. At day 2 p.i., monolayers were fixed with 4% 

paraformaldehyde, permeabilized in 0.2% Triton X-100. Subsequently, the cells were 

incubated with affinity-purified anti-US11 (green) or anti-pp65 (red) specific Ab, followed by 

Alexa Fluro 488- or 555-conjugated IgG. The nuclei were stained with DAPI (blue).C+D. 

US11 interacts with FcRn in HCMV-infected cells. Human intestinal Caco-2 or HeLa 
FcRn

 

cells were infected with HCMV virus at an MOI of 5. At day 2 p.i. The cell lysates from 

infected or mock-infected Caco-2 cells, HeLa
FcRn

, and HeLa cells were immunoprecipitated 

by anti-US11 Ab or anti-FcRn Ab. The immunoprecipitates were subjected to 12% SDS-

PAGE electrophoresis under reducing conditions, then transferred to a nitrocellulose for 

Western blotting with anti-FcRn or US11 Ab as indicated. The cell lysates were blotted as 

controls. Immunoblots (IB) were developed with ECL. Each experiment was performed at 

least two times. E+F+G+H.The cell lysates from HMEC-1 and THP-1 cells were 

immunoprecipitated by US11 Ab or FcRn Ab. The immunoprecipitates were subjected to 

12% SDS-PAGE electrophoresis under reducing conditions, then transferred to a 
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nitrocellulose for Western blotting with anti-US11 or FcRn as indicated. Immunoblots (IB) 

were developed with ECL. The 10 μg cell lysates (input) were blotted with the indicated Abs. 

The pp65, an HCMV major tegument protein, is used for monitoring viral infection. The 

location of the proteins is indicated by an arrow. 

 

US11 expression inhibits FcRn trafficking to early endosomal compartments 

In the majority of cell types, FcRn resides in acidic endosomes with a limited 

appearance on the cell surface. In early endosomes, FcRn binds IgG that entered into acidic 

vesicles after pinocytosis or endocytosis (58). When US11 binds FcRn HC, we reasoned 

FcRn distribution in the endosome would be affected. We therefore constructed stable cell 

line HeLa
FcRn + US11 

expressing both the FcRn and US11 cells and compared the cellular 

distribution of FcRn in HeLa
FcRn

 or HeLa
FcRn + US11

 cells. In HeLa
FcRn + US11

 cells, colocalization 

of FcRn and the early endosomal marker EEA1 was significantly decreased when compared 

with colocalization in HeLa
FcRn 

cells (Fig. 2.3A and B). This result suggests that US11 

expression impairs FcRn trafficking to endosomes in most of the HeLa
FcRn + US11

 cells.  

Although the over-expression of FcRn protein does not affect its intracellular trafficking 

pattern, the over-expression of US11 protein may cause extensive remodeling of membranes 

within the cell. To exclude this possibility, we compared the colocalization of transferrin 

receptor (TfR1, CD71) with EEA1 marker between HeLa
FcRn

 and HeLa
FcRn + US11

 cells (Fig. 

2.3C). We found there were no significant differences in co-localization of TfR1 with EEA1 

proteins between HeLa
FcRn

 and HeLa
FcRn + US11

 cells (Fig. 2.3D). These results suggest the 

potential remodeling of cellular membranes by over-expression of US11 may not 

significantly affect endogenous protein trafficking into the endosome. Together, these data 

confirm that routing of FcRn to endosomes in human epithelial cells is significantly reduced 

by US11 expression. 
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Figure 2.3 US11 expression inhibits FcRn trafficking to the early endosomal 

compartment. A+B.US11 reduces the trafficking of FcRn to the endosomal compartment. 

HeLa
FcRn+US11 

and HeLa
FcRn 

cells were immunostained for FcRn (in green) and EEA1 (in red) 

(A). EEA1: early endosome antigen 1. The nuclei were stained with DAPI (blue); 

Colocalization of two molecules appears in yellow. Scale bar represents 10 μm. Similar 

images were seen from at least three independent staining. The colocalization degree of 

EEA1 with FcRn was quantified by the average Pearson’s colocalization coefficients in 

HeLa
FcRn+US11 

and HeLa
FcRn 

cells (B). C+D. CD71 (transferrin receptor) trafficking to the early 

endosome. HeLa
FcRn+US11 

and HeLa
FcRn 

cells were transfected with a plasmid expressing 

human CD71-GFP (green) and immunostained for EEA1 (in red) (C) EEA1: early endosome 

antigen 1. The nuclei were stained with DAPI (blue); Colocalization of two molecules 

appears in yellow. Scale bar represents 10 μm. Similar images were seen from at least three 

independent staining. The colocalization degree of EEA1 with CD71 was quantified by the 

average Pearson’s colocalization coefficients in HeLa
FcRn+US11 

and HeLa
FcRn 

cells (D). For 

each assay, Pearson’s correlation coefficient was measured by analyzing 100 cells (in total) 

in 10 different optical regions. Ns denotes no statistical significance. Star denotes statistical 

significance. *P < 0.05. 

 

US11 blocks FcRn assembly with β2m and retains FcRn in ER 

The functional FcRn molecule consists of the heavy chain (HC) bound to β2m. We 

tested whether US11 interacts with FcRn HC alone or FcRn-β2m complex. Lysates from 

HeLa
FcRn + US11

 were immunoprecipitated with anti-HA (for US11) or anti-β2m Ab and 

analyzed by blotting with anti-HA Ab to detect US11 (Fig. 2. 4A) or β2m Ab (Fig. 2. 4B). 
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Immunoprecipitates were sequentially blotted with Abs against US11, FcRn, or β2m (BBM1 

mAb). As shown in Fig. 2. 4, an anti-HA Ab failed to co-immunoprecipitate β2m (Fig. 2. 4A, 

lane 1); similarly, the BBM1 mAb did not pull down US11 protein either (Fig. 2. 4B, lane 1). 

However, an Ab against either HA or β2m co-immunoprecipitated FcRn HC. These data 

strongly suggest that HCMV protein US11 only interacts with β2m-free FcRn HC. 

 

 The FcRn has a single N-linked glycosylation site (27). FcRn in cells was tested by 

treating cell lysates with Endo H glycosidase that cleaves high mannose oligosaccharides 

formed only in the ER, or with PNGase amidase which cleaves high mannose, hybrid and 

complex oligosaccharides formed in both the ER and Golgi complexes. If the FcRn HC 

oligosaccharides is cleaved by Endo H or PNGase,  the deglycosylated FcRn will show a 

faster mobility in SDS-PAGE.Although FcRn HC in HeLa
FcRn + US11

 or HeLa
FcRn 

cells 

exhibited a mixture of sensitivities to Endo H digestion (Fig. 2.4C, top), FcRn HC from 

HeLa
FcRn + US11 

cells was significantly more sensitive to Endo H digestion (Fig. 2.4D). As 

expected, FcRn from either of the above cells was sensitive to PNGase F digestion. We tested 

Endo H sensitivity of FcRn in anti-US11 immunoprecipitates from HeLa
FcRn + US11 

cells. As 

shown in Fig. 2.4C (bottom), Endo H-digested FcRn HC (lane 2) in a US11 

immunoprecipitate from HeLa
FcRn + US11

 cells had a mobility similar to the band from PNGase 

F digestion (lane 3). The full sensitivity of FcRn HC to Endo H digestion conforms to an ER-

specific glycosylation pattern of FcRn within the FcRn/US11 complex. Alternatively, Endo H 

sensitivity may also be accounted for inaccessibility of the glycosylation consensus sequence 

to the N-glycosylation machinery because of FcRn HC complex with US11. Overall, this is 

consistent with the ability of US11 to retain FcRn in the ER. These data strongly support the 

conclusion that the failure of newly synthesized FcRn to assemble with β2m undergo 

maturation or transit the secretory pathway is due to its physical association with US11. 
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Figure 2.4 US11 blocks FcRn assembly with β2m and retains FcRn in ER. A+B. β2m or 

US11 does not coimmunoprecipitate with US11 or β2m protein. The cell lysates from 

HeLa
FcRn+US11

 (lane 1), HeLa
FcRn

 (lane 2), HeLa
US11

 (lane 3), and HeLa control (lane 4) were 

immunoprecipitated by anti-HA mAb (A), anti-β2m Ab (B). The immunoprecipitates and 

cell lysates (input) were subjected to 12% SDS-PAGE electrophoresis under reducing 

conditions, then transferred to a nitrocellulose for blotting with anti-β2m Ab, anti-FLAG 

(FcRn), anti-HA (US11), as indicated. Immunoblots were incubated with HRP-conjugated 

secondary antibody of the corresponding species and developed with ECL. C+D. The 

sensitivity of US11-associated FcRn HC to Endo-H digestion. The native FcRn in cell 

lysates (top panel) or the proteins immunoprecipitated by HA mAb (bottom panel) were 

digested by mock (lanes 1 and 4), Endo-H (lanes 2 and 5), PNGase F (lanes 3 and 6) for 2 h 

at 37C, respectively (C). Proteins were analyzed on a 12% SDS-PAGE gel under reducing 

conditions and immunoblotted with FcRn-specific Ab. The digestion assay were 

independently performed for three times the figure C is representative of three independent 

experiments.The ratio of Endo H-resistant FcRn HC (Endo-H
R
) to Endo H-sensitive FcRn 

HC (Endo-H
S
) from HeLa

FcRn+US11
 or HeLa

FcRn
 cells was calculated by the ratio of the band 

density of glycosylated FcRn to that of the deglycosylated FcRn in the three independent 

digestion experiments (D). The band density (relative volume) was measured by the 

software Image Lab 5.2. Star denotes statistical significance. * P < 0.05. 
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HCMV US11 is required for FcRn protein degradation. 

To examine whether US11 affects FcRn expression, we first compared the surface or 

intracellular levels of FcRn expression in HeLa
FcRn

 or HeLa
FcRn + US11

 cells by flow cytometry. 

We found that US11 expression remarkably downregulated surface or intracellular expression 

level of FcRn molecules (Fig. 2.5A). In contrast, US11 did not affect either surface or 

intracellular expression level of HFE under the same conditions (Fig. 2.5B), suggesting the 

downregulation of FcRn by US11 is specific. 

 

The steady-state level of a protein depends on rates of both protein synthesis and 

degradation. For this reason, a quantitative cycloheximide (CHX) chase is used to monitor the 

decay in the steady-state level of an FcRn HC in the absence of confounding synthesis. HeLa 

FcRn + US11
 (Fig. 2.5C) and HeLa 

FcRn
 (Fig. 2.5D) cells were treated with CHX (100 μg/ml); 

FcRn intensity was monitored for the indicated time thereafter. In US11-expressing HeLa
FcRn 

+US11
 cells, the expression of US11 induced a substantial and time-dependent decrease in 

FcRn protein levels in comparison with that of HeLa 
FcRn

 (Fig. 2.5E). In US11-containing 

cells, FcRn protein had a shorter half-life of about 40 min, conversely, FcRn protein was 

highly stable in normal cells. Hence, the introduction of US11 into HeLa
FcRn

 cells stimulated 

FcRn protein turnover (Fig. 2.5E, red), indicating that US11 promotes FcRn protein 

degradation. We did not detect a significant change in the β2m levels (Fig. 2.5F), suggesting 

that the effect of US11 expression on FcRn was not due to US11- or CHX-induced 

cytotoxicity. To further determine whether endogenous FcRn is downregulated by US11 in 

response to HCMV infection, we first subjected human intestinal Caco-2 epithelial cells 

endogenously expressing FcRn (272) to HCMV infection. At 48 hr after infection, the 

infected Caco-2 cells were similarly treated with CHX. FcRn HC protein levels were 

significantly decreased in HCMV-infected Caco-2 cells (Fig. 2.5G and J ) in comparison with 
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that of mock-infected Caco-2 cells (Fig. 2.5H and J).  The β2m level was not significantly 

changed in either HCMV-infected or Mock-infected Caco-2 cells (Fig. 2.5K). In further 

confirming the role of US11 in down regulating FcRn, we knocked down ectopically 

expressed US11 in virally-infected cells by two independent US11 RNA-mediated 

interference (siRNA) species. The knockdown of US11 was verified by a Western blot (Fig. 

2.5I). We found that FcRn degradation was significantly inhibited in US11 siRNA-treated 

cells (Fig. 2.5I and J). These results strongly show that the US11 is required for decreasing 

the intracellular concentration of FcRn protein. The US11-mediated down-regulation of FcRn 

was further confirmed by intracellular levels of FcRn expression in HCMV-infected THP-1 

or HMEC-1 cells, as assessed by flow cytometry. We found that HCMV infections 

remarkably reduced the expression level of intracellular FcRn in both THP-1 (Fig. 2.5L) or 

HMEC-1 cells (Fig. 2.5M). 
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Figure 2.5 US11 protein mediates FcRn degradation. A+B. Cell surface and intracellular 

expression patterns of FcRn or HFE protein in the presence of US11 were measured by flow 

cytometry. Results are expressed as histograms of fluorescence intensity (log scale). The 

black histograms represent cells stained with isotype IgG. The staining was conducted three 

times with similar results. The mean fluorescence intensity (MFI) is shown on the x-axis, and 

the relative cell number on the y-axis.  (A) HeLa
FcRn+US11

 and HeLa
FcRn

 cells were eighter 

nonpermeabilized for surface staining (Left panel) or permeabilized for intracellular staining 

(Right panel). The red or blue histograms represent staining of HeLa
FcRn+US11

 or HeLa
FcRn

 

cells with anti-Flag specific Ab. (B) HeLa
US11

(HFE) and HeLa (HFE) cells were eighter 

nonpermeabilized (Left panel) or permeabilized (Right panel). The red or blue histograms 

represent staining of HeLa
FcRn+US11

 or HeLa
FcRn

 cells with anti-Flag specific Ab. HeLa
US11 

(HFE) cells were from stable cell line HeLa
US11

 transfected with a pCDNA-Flag-HFE 

plasmid that expressed both HFE and US11. HeLa (HFE) cells were from HeLa cells 

transfected with the pCDNA-Flag-HFE plasmid that expressed HFE. 
C+D+E+F+G+H+I+K+J. HeLa 

FcRn
 cells were transfected with US11 plasmids for 24 h. 

HeLa 
FcRn+US11

 (C) and HeLa 
FcRn

 (D) cells were then treated with CHX (100 μg/ml) for the 

indicated time.Caco-2 cells were infected with HCMV (MOI 5) (G) or mock-infected (H) for 

48 h. The infected cells were also transfected with 20 nM US11 siRNA oligomers (I). 48 h 

later, cells were then treated with CHX (100 μg/ml) for the indicated time. The cells were 

lysed after CHX treatment and the cell lysate was analyzed by immunoblotted with 

corresponding Abs. The CHX chase experiments were repeated independently for three times 

and the figures (C+D+J+H+I) are representative of three independent experiments. The 

expression level of FcRn or β2m proteins in cell lysate from the three independent CHX chase 

experiments was quantified by the band density (relative band volume) measured by Image 

Lab 5.2. The level of remaining endogenous FcRn (E or J) and β2m (F or K) at different time 

points was calculated as the percentage of initial protein level (0 h of CHX treatment). L+M 

Intracellular expression of FcRn in mock- or HCMV-infected THP-1 (A) and HMEC-1(B) 

cells at MOI of 5 were measured by flow cytometry. 48 hr post infection, the equal number of 
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cells were treated with Cycloheximide (100μg/ml) or left untreated for 4 hr. Cells were then 

blocked with 2% FBS supplemented with 30μg /ml human Fc block and subsequently stained 

as described in Materials and Methods. Results are expressed as histograms of fluorescence 

intensity (log scale). The red or blue histograms represent staining of cells with anti-FcRn-

specific Ab in the presence or absence of HCMV infection, and the black histograms 

represent cells stained with irrelevant IgG. The staining was conducted three times with 

similar results. The mean fluorescence intensity (MFI) is shown on the x-axis, and the 

relative cell number on the y-axis. 

 

US11 recruits Derlin-1 and TMEM-129 to engage FcRn for degradation 

Previous studies have shown that HCMV US11 interacts with Derlin-1 (177), SEL1L 

(258), AUP1, and UBXD8 (239). We screened that Derlin-1 is a potential partner of the 

FcRn-US11 complex. Derlin-1 is a component of the retrotranslocation complex in the ER 

(177, 239). The previous study shows that the US11–Derlin-1 interaction is dependent on a 

polar glutamine residue (Q192) in the US11 transmembrane (178). To confirm whether FcRn, 

US11, and Derlin-1 proteins form a complex, we expressed the US11 (Q192) mutant protein 

and test the interaction of Derlin-1 and FcRn in the in the presence of either a wild-type or 

mutant US11. We found that anti-FLAG Ab for FcRn coimmunoprecipitated US11 protein, 

derlin-1(Fig. 2.6A, lane 1), and mutant US11 protein (Fig. 2.6A, lane 1) and anti-Myc Ab for 

Derlin-1 coimmunoprecipitated FcRn HC and US11 (Fig. 2.6B, lane 1). However, anti-

FLAG Ab for FcRn did not precipitate Derlin-1 in the presence of mutant US11 (Fig. 2.6A, 

lane 2) and anti-Myc Ab for Derlin-1 failed to pull down the FcRn and mutant US11 (Q192A) 

(Fig. 2.6B, lane 2). Further, anti-FLAG Ab for FcRn did not coimmunoprecipitate derlin-1 

protein in the absence of US11 expression (Fig. 2.6C, lane 1). This data suggests that FcRn 

interacts with Derlin-1 in the presence of wild-type US11 and that mutant US11 (Q192A) 

abolishes FcRn interaction with Derlin-1 due to its incapability to bind Derlin-1. Consistently, 

the degradation effects of US11 on FcRn levels were abolished in HeLa
FcRn+US11*

 cells, 

confirming that FcRn level decrease is through US11 and Derlin-1 interaction (Fig. 2.6D and 

E). Together, these data suggest that the Derlin-1 binding activity of US11 is required for 

FcRn degradation.  
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Derlin-1 can interact with several E3 ligases, HUWE1, Hrd1 and Gp78, MARCH6, 

RNF5, TRC8, CHIP (230), and TMEM129 (183,184). By screening these candidates, the 

immunoprecipitation of FcRn (Fig. 2.6F) or TMEM129 (Fig. 2.6G) in the presence of both 

US11 and Derlin-1 showed that TMEM129 was recruited to the FcRn/US11/Delin-1 complex. 

In the absence of US11 expression, the immunoprecipitation of FcRn failed to pull down 

TMEM129 (Fig. 2.6F lane 2). The immunoprecipitation of TMEM129 directly precipitated 

down the Derlin-1 in HeLa
FcRn

 cells (Fig 2.6G, lane 2), suggesting that TMEM129 binding to 

Derlin-1 is US11-independent. The recruitment of TMEM129 to the FcRn/US11 complex is 

through Derlin-1, as the wild-type US11 coprecipitated with the TMEM129 while the Derlin-

binding mutant US11 (Q192A) failed to pull down the TMEM129(Fig. 2.6 H). We further 

elected to test whether TMEM129 is indeed responsible for the down-regulation of FcRn in 

HeLa
FcRn + US11

 cells. We, therefore, depleted TMEM129 from cells with siRNA TMEM129 

(Fig. 2.6I, bottom). Depletion of TMEM129 prevented the loss of FcRn expression in 

HeLa
FcRn + US11

 cells (Fig. 2.6I and J), suggesting a general requirement for TMEM129 in 

US11-mediated FcRn degradation activity. The specificity of TMEM129 for the US11-

mediated FcRn degradation was confirmed, as a mock siRNA TMEM129 depletion did not 

evidently rescue FcRn expression in HeLa
FcRn + US11

 cells (Fig. 2.6I and J, bottom). Together, 

we conclude that TMEM129 is recruited to FcRn/US11 via Derlin-1 and is responsible for 

US11-mediated FcRn degradation. 
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Figure 2.6 US11 recruits FcRn to Derlin-1 and TMEM129 protein complex. Each 

experiment was performed at least three times. A+B. US11 recruits FcRn to Derlin-1 

complex. US11* represents a mutant US11 that the Q192 replaced with leucine, US11
Q192L

. 

All stable HeLa 
FcRn+US11

, HeLa 
FcRn+US11*

, HeLa
US11

, and HeLa 
US11*

 cell lines were 

transiently transfected with a pSectag2-Derlin-1-Myc plasmid encoding a myc-tagged 

Derlin-1. After 48 hours transfection, the cell lysates (0.5 mg), as indicated, were 

immunoprecipitated by mAb anti-FLAG for FcRn (A) or anti-myc for Derlin-1 (B). All the 

precipitated products (A, B) were subjected to Western blotting with specific antibody as 

indicated. The cell lysates (input) were blotted as controls. C. FcRn does not interact with 

Derlin-1 in the absence of US11. HeLa 
FcRn 

or HeLa cells were transfected with pSectag2-

Derlin-1-Myc plasmid to become the HeLa
FcRn

 (Derlin-1) cells or HeLa (Derlin-1) cells. 

After 48 hours transfection, the cell lysates (0.5 mg), from the HeLa
FcRn

(Derlin-1) cells 

(lane1), HeLa
FcRn

 (lane2), HeLa (Derlin-1) (lane3) and HeLa cells(lane4), were 

immunoprecipitated by mAb anti-FLAG for FcRn. D+E. Mutant US11
Q192L

 fails to 

degrades FcRn. HeLa
FcRn+US11

, HeLa
FcRn+US11*

 cells were treated with CHX (100 μg/ml) for 

the indicated time (D). The cells were lysed after CHX treatment and the cell lysate was 

analyzed by immunoblotted with corresponding Abs. The expression level of FcRn protein 

in cell lysate was quantified by the band density (relative band volume) measured by Image 

Lab 5.2 for three independent times. The level of remaining FcRn (E) at different time 

points was calculated as the percentage of initial protein level (0 h of CHX treatment).  

F+G. US11 recruits FcRn to TEME129 complex. The HeLa
FcRn+US11

 (lane 1), HeLa
FcRn

 

(lane 2), HeLa
US11

 (lane 3), and HeLa cells were transfected with Derlin-1 plasmid. 48 h 

later, the cell lysates were immunoprecipitated by mAb anti-FLAG for FcRn (F) or anti-

TMEM129 Ab (G). The immunoprecipitates were subjected to 12% SDS-PAGE 

electrophoresis under reducing conditions, then transferred to a nitrocellulose for Western 

blotting with antibodies as indicated. The 50μg cell lysates (input) were blotted with the 

indicated Abs. Immunoblots (IB) were developed with ECL. H.The interaction between 

US11 and Derlin-1 is dependent on a polar glutamine residue in the US11 transmembrane 

domain. HeLa 
US11

 or HeLa 
US11*

 stable cells were lysed and US11 was immunoprecipitated 

and eluted in SDS sample buffer. Immune precipitates (top) and total lysates (bottom) were 

analyzed by SDS/PAGE and probed for TMEM129, Derlin-1, and US11.  I+J. TMEM129 

was involved in US11-mediated FcRn degradation. The HeLa
FcRn+US11

 cells were 

transfected with 20 nM TMEM129 siRNA oligomers (I, bottom). 48 h later, cells were then 

treated with CHX (100 μg/ml) for the indicated time. The cells were lysed after CHX 

treatment and the cell lysate was analyzed by immunoblotted with corresponding Abs. The 

expression level of FcRn proteins in cell lysate was quantified by the band density (relative 

band volume) measured by Image Lab 5.2 for three independent times. The level of 

remaining FcRn (J) in TMEM129 siRNA-treated cells (red) or mock-treated cells (black) 
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at different time points was calculated as the percentage of initial protein level (0 hr of 

CHX treatment). 

 

FcRn HC cytoplasmic tail is required for US11-mediated degradation 

Previous data showed extracellular domains of US11 and FcRn are the main sites of 

interaction. However, it is unknown whether the cytoplasmic tail of FcRn will play a role in 

the US11-mediated degradation or not. To investigate the possible involvement of the 

cytoplasmic tail (CT) of FcRn HC, a deletion of all but five amino acids of the cytoplasmic 

tail of FcRn was generated (Fig. 2.7A). The remaining four residues were retained to 

facilitate the FcRn HC to properly insert in the membrane. We and others have shown that 

similarly truncated FcRn HC behaves like the full-length FcRn HC with respect to folding, 

assembling with β2m, and pH-dependent binding to IgG (63). To examine whether deleting 

the FcRn CT affects US11-induced degradation, HeLa
US11

 cells were transfected with wild-

type FcRn or with a tailless mutant of FcRn (FcRn-tailless) (Fig. 2.7B).  The fate of full-

length and tailless FcRn was further examined by a CHX–chase experiment. In the absence of 

proteasome inhibitor, the FcRn HC was initially degraded by 30-40 min of chase (Fig. 2.7B 

and C). This was in marked contrast with the tailless FcRn, which persisted in the presence of 

US11 (Fig. 2.7B and C). To identify the critical region within the FcRn CT that is responsible 

for degradation, we constructed a series of the C-terminal FcRn deletion mutants and 

examined their susceptibility to US11-mediated degradation. Furthermore, deleting a single 

C-terminal alanine residue affected its susceptibility to US11-induced degradation in a 

manner similar to that observed after deleting the entire FcRn CT (Fig. 2.7B and C). Indeed, 

the half-life of FcRn-365A-/- was comparable with that of FcRn CT-/- in HeLa
US11

 cells. 

Likewise, deleting the C-terminal 365 alanine residue rendered FcRn resistant to US11-

induced degradation (Fig.2.7B and C). Hence, we demonstrate that the cytoplasmic tail of the 

FcRn is required for its degradation.  
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FcRn HC interacts with Derlin-1 via US11 (Fig. 2.6A), US11 binds to the Derlin-1 via 

its transmembrane domain ((Fig. 2.6B).  To further understand the mechanisms underlying 

the role of a cytoplasmic tail during the US11-induced degradation of FcRn HC, we first 

examined whether deleting the FcRn CT would abolish its interaction with US11. As shown 

by coprecipitation (Fig. 2.7D), the deletion of FcRn CT did not reduce the interaction 

between FcRn and US11, suggesting that the FcRn CT may serve as a point of contact for 

Derlin-1. Hence, we second examined whether deleting the FcRn CT affects its interaction 

with Derlin-1. Surprisingly, deleting the FcRn CT remarkably reduced, although not 

completely abolished, the interaction between FcRn and Derlin-1 (Fig 2.7E; compare lanes 1 

and 2). Strikingly, we found that the deletion of a single C-terminal alanine residue from the 

FcRn also similarily decreased the interaction between FcRn and Derlin-1 (Fig 2.7E; compare 

lanes1 and 3). Furthermore, the immunoprecipitation of tailless FcRn failed to precipitate 

TMEM129, suggesting the interaction of FcRn CT and derlin-1 is also important to recruit 

TMEM129 (Fig 2.7E). Taken together, these results suggest that the cytoplasmic tail of the 

FcRn HC is required for US11-induced degradation, perhaps it enables FcRn to bind tightly 

to Derlin-1.  
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Fig 2.7 FcRn cytoplasmic tail is necessary for US11-mediated FcRn degradation. 

HeLa
US11 

(FcRn)
 
 were HeLa

US11
cells transfected with plasmid pCDNA-Flag-FcRn 

encoding wild-type FcRn. HeLa
US11 

(FcRnCT-/-) cells were HeLa
US11 

transfected with with 

plasmid pCDNA-Flag-FcRnCT-/- encoding tailless FcRn. HeLa
US11 

(FcRn365A-/-) cells 

were HeLa
US11 

cells transfected with plasmid pCDNA-Flag-FcRn365A-/- encoding mutant 

FcRn 365A-/-without the C-terminal alanine residue. A. Descriptions of tailless FcRn (CT-

/-) and FcRn HC deleting 365 alanine residue (365A-/-) in the cytoplasmic tail. B+C. 

Tailless FcRn or FcRn 365A-/- resists degradation in the presence of US11. HeLa
US11 

(FcRn) (B, top), HeLa
US11 

(FcRnCT-/-) (B, middle), or HeLa
US11 

(FcRn365A-/-) (B, bottom) 

were treated with CHX (100 μg/ml) and chased for the indicated time in the absence of 
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proteasome inhibitors. The cells were lysed after CHX treatment and the cell lysate was 

analyzed by immunoblotted with corresponding Abs. The expression levels of wild-type 

FcRn, tailless FcRn, and mutant FcRn 365A-/- proteins in cell lysates were quantified by 

the band density (relative band volume) measured by Image Lab 5.2 for three independent 

times. The level of remaining wildtype FcRn (C, red), tailless FcRn 
(
C, blue), and mutant 

FcRn 365A-/- 
(
C, black) in HeLa

US11
cells at different time points was caculated as the 

percentage of initial protein level (0 hr of CHX treatment). D. US11 interacts with tailless 

FcRn protein. The cell lysates from HeLa
US11 

(FcRn) (lane 1), HeLa
US11 

(FcRnCT-/-) (lane 

2), and HeLa control (lane 3) were immunoprecipitated by anti-Flag Ab for FcRn. The 

immunoprecipitates and cell lysates (input) were subjected to 12% SDS-PAGE 

electrophoresis, then transferred to a nitrocellulose for blotting with anti-FLAG (FcRn), 

anti-HA (US11), as indicated. Immunoblots were incubated with HRP-conjugated 2nd Ab 

of the corresponding species and developed with ECL. The US11 molecules that 

coprecipitate in the complex are indicated. E. The cytoplasmic tail of the FcRn is required 

for tightly binding to Derlin-1 in the expression of US11. HeLa
US11 

(FcRn) (lane 1), 

HeLa
US11 

(FcRnCT-/-) (lane 2), and HeLa
US11 

(FcRn365A-/-) (lane 3) cells were transfected 

with pSectag2-Derlin-1-Myc plasmid for 48 hr. The cell lysates were immunoprecipitated 

by anti-Flag Ab for FcRn. The immunoprecipitates and cell lysates (input) were subjected 

to 12% SDS-PAGE electrophoresis, then transferred to a nitrocellulose for blotting with 

anti-TMEM129, anti-Myc (Derlin-1), anti-FLAG (FcRn), and anti-HA (US11), as indicated 

by arrows. Immunoblots were incubated with HRP-conjugated 2nd Ab of the 

corresponding species and developed with ECL.  

 

US11/Derlin-1/TMEM129/Ube2J2 protein complex induces FcRn dislocation, 

ubiquitylation, and degradation 

Ubiquitination of the protein substrate provides a critical step in protein degradation 

(273). We then investigated whether US11 regulates FcRn turnover through an 

ubiquitination-dependent mechanism.  We found that FcRn ubiquitination was efficiently 

induced by US11 in the presence of MG132 inhibitor (Fig. 2.8A). As expected, the US11 

failed to induce HFE ubiquitination (Fig. 2.8B), further verifying specificity of FcRn 

ubiquitination induced by US11. Furthermore, a tailess FcRn (Fig. 2.8C, lane 2) or FcRn 

CT365A-/- (Fig. 2.8C, lane 3) exhibited a much less ubiquitination in comparison with wild-

type FcRn (Fig. 2.8C, lane 1), indicated that the cytoplasmic tail of FcRn is necessary for 

US11-induced FcRn ubiquitination. 
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We also detected FcRn proteins as slower and faster-migrating bands in our analysis 

(Fig. 2.8C, lane 1, middle). To verify this observation, we performed a CHX chase analysis. 

A faster-migrating band (Fig. 2.8D, lane 1, middle) appeared in the presence of proteasome 

inhibitor and the expression of US11, as FcRn molecules were also intensively ubiquitinated 

(Fig. 2.8C, lane 4-6, top). The HeLa
FcRn + US11

 cells contained the slower-migrating bands at 

early chase time points, which was then converted to the faster-migrating form at later time 

points. We reasoned this faster-migrating band might represent a dislocated and 

deglycosylated protein, which might result from cytosolic N-glycanase removal of the FcRn 

glycan. To prove this, HeLa
FcRn+US11

 or HeLa
FcRn

 cells were subjected to subcellular 

fractionation. The FcRn protein in the pellet (membrane) or soluble (cytosol) fraction were 

measured by western blotting analysis. We detected a faster FcRn migrating band in the 

cytosol fraction from HeLa
FcRn + US11

 cells rather than from HeLa
FcRn

 cells (Fig. 2.8E, top, 

lanes 4 & 8), indicating US11 induces FcRn dislocation from ER membrane into the cytosol 

fraction. A slower FcRn migrating band were detected in the membrane fraction from both 

the HeLa
FcRn + US11

 cells and HeLa
FcRn

 cells (Fig. 2.8E, top, lanes 3 & 7). As the slower-

migrating band might be the glycosylated FcRn protein retained on ER membrane and the 

faster-migrating band might be a dislocated and deglycosylated FcRn protein, the subcellular 

fractionation products were analyzed by Endo H or PNGase F digestion. After PNGase F 

digestion, the FcRn protein from membrane fraction had a mobility similar to that from the 

cytosol fraction, as the PNGase F cleaved the glycan chain from FcRn (Fig. 2.8E, bottom). 

After Endo H digestion, only a portion of the FcRn protein from membrane fraction was 

EndoH-sensitive and showed a similar mobility to that from cytosol fraction (Fig. 2.8E, 

middle). However, membrane fraction FcRn from HeLa
FcRn + US11 

cells was much more 

sensitive to Endo H digestion than that from HeLa
FcRn

 cells (Fig. 2.8E, middle). Therefore, we 

conclude that the slower-migrating band represents a glycosylated form of FcRn which co-

fractionates with the ER membrane and the-faster migrating band represents a deglycosylated 



 

 79 

 

cytosolic form of FcRn which co-fractionates with the cytosol. The origin of the 

nonglycosylated FcRn form could be due to dislocation of FcRn from the ER, where the 

cytosolic N-glycanase removes the glycan chain from FcRn. It may represent an intermediate 

before its degradation because it accumulated only in the MG132 presence.  

 

The E3 ligases are involved in protein ubiquitination (274); TMEM129 contains a 

novel and atypical RING domain with intrinsic protein E3 ubiquitin ligase activity (183). To 

show that TMEM129 was required for FcRn ubiquitination, we initially knocked down 

TMEM129 expression (Fig. 2.8F, middle, lane 2).  We then immunoprecipitated FcRn and 

found the robust FcRn ubiquitination induced by US11 (Fig. 2.8F, top, lane 1) was abrogated 

in the TMEM129 siRNA-treated cells (Fig. 2.8F, top, lane 2). TMEM129 has an atypical 

RING-C2 domain which usually creates a binding platform for the E2 conjugating enzymes 

(184). We further tested a custom siRNA library targeting the E2 used by TMEM129. We 

explored the potential role of Ube2J1 or Ube2J2 in TEME129-mediated ubiquitination of 

FcRn. We confirmed that the knockdown of Ube2J2, but not Ube2J1, abolished US11-

induced FcRn ubiquitination (Fig. 2.8G, top, lane 1) and rescued FcRn degradation in HeLa 

FcRn + US11
 cells (Fig. 2.8H, bottom). Therefore, the E3 ligase TMEM129 recruits Ube2J2 for 

the US11-induced FcRn ubiquitination that drives ER dislocation and proteasomal 

degradation.  
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Figure 2.8 US11/Derlin-1/TMEM129/Ube2J2 protein complex induces FcRn dislocation, 

ubiquitylation, and degradation. A+B. FcRn is remarkably ubiquitinated in the presence of 

US11 expression and MG132 treatment. HeLa
US11 

(FcRn)
 
were HeLa

US11
cells transfected with 

plasmid pCDNA-Flag-FcRn encoding Flag-tagged FcRn. HeLa
US11 

(HFE)
 
were HeLa

US11
cells 

transfected with plasmid pCDNA-Flag-HFE encoding Flag-tagged HFE. HeLa
US11

 cells and 

HeLa
US11 

(FcRn)
 
cells respectively were treated with or without MG132 (50Μm) for 2 hours 

(A). HeLa
US11

 cells and HeLa
US11 

(HFE)
 
cells respectively were treated with or without 

MG132 (50μM) for 2 hours (B). The cell lysates (0.5 mg) were immunoprecipitated with 

mAb anti-FLAG for FcRn (A) or HFE (B). The immunoprecipitates were subjected to the 

electrophoresis and immunoblotting analysis to detect ubiquitin and the target proteins FcRn, 

HFEor US11 with respective Abs, as indicated.C. HeLa
US11 

(FcRn), HeLa
US11 

(FcRn
 
CT-/-)

 
or 

HeLa
US11 

(FcRn
 
365A-/-) cells

 
were HeLa

US11
cells transfected respectively with plasmid 

pCDNA-Flag-FcRn, pCDNA-Flag-FcRnCT-/- or pCDNA-Flag-FcRn365A-/-. HeLa
US11 

(FcRn)
 
cells (lane 1.), HeLa

US11 
(FcRn

 
CT-/-)

 
cells (lane 2) or HeLa

US11 
(FcRn

 
365A-/-) cells 

(lane 3) respectively were treated with or without MG132 (50μM) for 2 hours. The cell 

lysates (0.5 mg) were immunoprecipitated with mAb anti-FLAG for wide-type FcRn, tailless 

FcRn
 
CT-/-

 
or cytoplasmic tail mutant

 
FcRn

 
365A-/-. The immunoprecipitates were subjected 

to the electrophoresis and immunoblotting analysis to detect ubiquitin and the target proteins 

with respective Abs, as indicated. D. HeLa
FcRn

 cells or HeLa
FcRn+US11 

cells were respectively 

treated with or without MG132 (50μM) for 2 hours.Cells were subsequently treated with 

CHX (100 μg/ml) and chased for the indicated time in the presence of MG132. The cell 

lysates (0.5 mg) were immunoprecipitated with mAb anti-FLAG for FcRn. The 

immunoprecipitates were subjected to the electrophoresis and immunoblotting analysis to 

detect ubiquitin and the target proteins FcRn, US11or β-tubulin with respective Abs, as 

indicated. E. Fractionations of FcRn HC. The HeLa
FcRn

, HeLa
US11+FcRn 

cells were incubated in 

the presence or absence of the 50μM MG132 for 4 hr. The cells were then homogenized and 

the homogenates were fractionated by centrifugation (see Materials and Methods). Fractions 

were diluted by 1% Triton X-100 buffer. The FcRn in the membrane pellet (M, lanes 1, 3, 5, 

7) and supernatant (S, lanes 2, 4, 6, 8) fractions were digested by mock (top), Endo-H 

(middle),  PNGase F (bottom) enzymes for 2 h at 37C, respectively. Proteins were analyzed 

on a 12% SDS-PAGE gel and immunoblotted with the FcRn-specific Ab. R: resistant; S: 

sensitive.F+G. TMEM129 and Ube2J2 are required for US11-induced FcRn ubiquitination. 

HeLa 
FcRn+US11

 cells were transfected with 20 nM TMEM129, Ube2J1, Ube2J2 siRNA 

oligomers for 48 hr or an empty vector. Efficacy of TMEM129 silencing was analyzed 72 hr 

after transfection. Cells were subsequently treated with 50 μM MG132 for 4 hr and then lysed. 

After immunoprecipitation of FcRn with anti-FLAG, the immunoprecipitated complexes or 

cell lysates were analyzed by immunoblotting with the indicated antibodies, respectively. H. 

Ube2J2 are essential for US11-induced FcRn degradation and ubiquitination. HeLa
US11+FcRn 

cells were transfected with 20 nM Ube2J1 (top) and Ube2J2 (bottom) siRNA oligomers for 

48 hr. Cells were then treated with CHX (100 μg/ml) and chased for the indicated time. 

Subsequently, cells were lysed in PBS with 0.5% CHAPS and protease inhibitor cocktail III. 

Cell lysates (20 μg) were probed with the Flag Ab for detection of FcRn level FcRn as 

indicated and developed with ECL. The β-tubulin (input) was blotted as controls.  
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US11 impairs FcRn IgG binding capacity 

A hallmark of FcRn is that it binds IgG at acidic pH (≤6.5) and releases IgG at 

neutral or higher pH (25, 26). FcRn HC associating with β2m is important for pH-

dependent IgG binding. We further tested whether the association of FcRn with US11 

affects FcRn binding to IgG. Lysates from HeLa cells expressing FcRn and/or US11 

were incubated with IgG-Sepharose at pH 6.0 or pH 7.4; lysates from HeLa
FcRn

 cells 

were used as positive controls. The eluates from IgG binding and cell lysates were 

subjected to analysis by Western blot. As expected, FcRn from HeLa
FcRn

 cells bound 

IgG at pH 6.0 (Fig. 2.9A, lane 2) but not at pH 7.4 (Fig. 2.9B, lane 2). Similarly, β2m 

from the IgG binding eluates was detected at pH 6.0 (Fig. 2.9A, lane 2) but not at pH 

7.5 (Fig. 2.9B, lane 2). US11 proteins were not detected in the FcRn binding eluates 

of IgG beads at pH 6.0 (Fig. 2.9A, lane 1). Furthermore, FcRn and β2m (Fig. 2.9A, 

lane 1) eluted from IgG beads was remarkably decreased in HeLa
FcRn + US11

 cells in 

comparison with these of HeLa
FcRn

 cells alone (Fig. 2.9A, lane 2), as measured by 

thequantitative method (Fig. 2.9C and Fig. 2.9D). These data strongly suggest the 

association of US11 with FcRn HC interferes with FcRn binding to IgG. Hence, when 

US11 binds FcRn, it prevents the formation of the FcRn/β2m complex and 
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consequently blocks functional binding to IgG. 

 

Figure 2.9 US11 impairs FcRn IgG binding capacity. The presence of US11 expression 

reduces FcRn binding to IgG. HeLa transfectants as indicated were lysed in sodium 

phosphate buffer pH 6.0 (A) or pH (B) with 0.5% CHAPS and fresh proteinase inhibitors. 

Approximately 0.5 mg of the soluble proteins were incubated with human IgG-Sepharose at 

4°C. Unbound proteins were washed off with PBS (pH6.0 or pH 7.4) containing 0.5% 

CHAPS. Human IgG-Sepharose adsorbed proteins were eluted by Laemmli Sample buffer at 

95°C for 5 mins.The eluted proteins were subjected to Western blotting analysis. Proteins 

were probed with rabbit anti-FLAG (FcRn), anti-HA (US11), anti-β2m Ab and developed 

with HRP-conjugated secondary Abs of the corresponding species and ECL. Cell lysate from 

each sample with an equal amount of total protein was also tested by WB for FcRn, US11, 

and β2m expression level. The locations of the human FcRn HC, US11, and β2m proteins are 

indicated by arrows.The amount of eluted FcRn (C) or β2m (D ) protein from HeLa
FcRn

 and 

HeLa
FcRn+US11

 cells was compared by the ratio of the band density of eluded protein to that of 

the input protein. The band density of proteins (relative volume) was quantified by the 

software Image Lab 5.2. The binding experiments were independently repeated three times. 
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HCMV infection or US11 expression reduced IgG transcytosis in the polarized 

human epithelial monolayers 

FcRn has been identified to transport IgG in polarized epithelial cells, namely from 

the apical to the basolateral direction or vice versa (272). HCMV is previously shown to 

infect Caco-2 cells at the basolateral membrane (58). We, therefore, explored the possibility 

that HCMV-infected Caco-2 epithelial cells have altered IgG transcytosis. In our assay, 

human IgG Abs were added to the apical surface of a Caco-2 cell monolayer and then we 

measured IgG transport into the opposite basolateral chamber using cells infected with 

HCMV. As expected, after 2 hr at 37°C intact human IgG applied to the apical side was 

transported across the mock-infected monolayer (Fig. 2.10A, lane 4). IgG transport at 37°C 

from the apical to basolateral direction was significantly decreased in HCMV-infected Caco-

2 cells (Fig. 2.10A, lane 2) compared to mock-infected cell monolayers. There was no IgG 

transport across the HCMV-infected Caco-2 monolayer at 4 °C (Fig. 2.10A, lane 1) , which 

precludes the possibility that infecting Caco-2 monolayers with HCMV for 48 hr might result 

in leaking of the IgG antibody. To further show whether US11 expression alone reduces IgG 

transcytosis, we stably expressed US11 in Caco-2 cells. Human IgG Ab (0.5 mg/ml) was 

apically added into the Caco-2 
US11

 cell monolayer and further incubated for 2 hr to allow 

transcytosis. The basolateral medium was collected and human IgG content was measured by 

Western blot-ECL. Similar to HCMV-infected cells, IgG transport from the apical to 

basolateral direction was decreased in US11-expressing cells (Fig. 2.10C, lane 2) compared 

to mock-transfected cell monolayers (Fig. 2.10C, lane 4). Because FcRn transfers maternal 

IgG across placental epithelipal cells, we finally showed that IgG transport from the apical to 

basolateral direction was decreased or blocked in HCMV-infected BeWo cells (Fig. 2.10E, 

lane 3) compared to mock-infected BeWo cell monolayers (Fig. 2.10E, lane 1).  Human IgG 

was not transported at 4°C in HCMV-infected (Fig. 2.10A, lane 1), US11-expressing (Fig. 

http://www.ncbi.nlm.nih.gov/pubmed/10233913
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2.10C, lane 1) Caco-2 cells or HCMV-infected BeWo cells (Fig. 2.10E, lane 4), suggesting 

that the transepithelial flux of IgG Abs by passive diffusion through intercellular tight 

junctions or monolayer leaks did not contribute to the amount of the IgG we detected. 

Furthermore, our Western blot data were verified by a more sensitive ELISA detection 

method (Fig. 2.10B, D and F). Hence, we concluded that HCMV infection or US11 decreases 

or blocks the IgG transport across the polarized epithelial cells. 

 
 

 

 
 

Figure 2.10 HCMV infection or US11 expression reduced IgG transcytosis in the 

polarized human epithelial monolayers. A+B. Caco-2 cells (2 × 10
4
/well) were grown in 

0.4 μm transwell plate for 8 to 10 days to allow differentiation. When the transepithelial 

resistance of the Caco-2 monolayer reached above 600 ohms·cm
2
, cells were basolaterally 

infected with HCMV (MOI 5) for 1 hr. After washing, cells were incubated for additional 48 
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h. The infected or mock-infected Caco-2 cells were apically loaded with human IgG (lanes 1-

4) (0.5 mg/ml) at 37°C or 4°C, respectively. The medium was collected from the basolateral 

compartment 2 hr later and subjected to Western blot-ECL (A) or ELISA (B) analysis. C+D. 

Caco-2 cells transfected with either pEF6 alone or pEF6-US11 was grown onto the transwell 

inserts as described above. The cells were incubated for 1 hr either at 37°C or 4°C, then 

human IgG (0.5 mg/ml) was apically added and further incubated for 2 hr to allow 

transcytosis. The basolateral medium was collected and human IgG content was measured by 

Western blot-ECL (C) or ELISA (D) analysis. The results are representative of at least three 

independent experiments. E+F. BeWo cells (10
5
/well) were grown in 0.4 μm transwell plate 

for 4 days to allow differentiation. When the transepithelial resistance of the BeWo 

monolayer reached above 400 ohms·cm
2
, cells were basolaterally infected with HCMV (MOI 

5) for 1 hr. After washing, cells were incubated for additional 48 h. The infected or mock-

infected BeWo cells were apically loaded with human IgG (lanes 1-4) (0.25 mg/ml) at 37°C 

or 4°C, respectively. The medium was collected from the basolateral compartment 2 hrs later 

and subjected to Western blot-ECL (E) or ELISA (F) analysis. All ELISA analyses were 

performed in triplicate. Star denotes statistical significance. *** P < 0.001. 

 

HCMV infection or US11 expression facilitates IgG degradation 

In addition to its transcytotic function, FcRn plays a critical role in IgG homeostasis 

by recycling IgG away from a catabolic pathway in vascular endothelium, thus extending its 

lifespan in circulation and ensuring long-lasting protective immunity after infection or 

immunization (57, 58). In the majority of cell types, FcRn resides primarily in early acidic 

endosomal vesicles (12, 18 and 52); FcRn binds to IgG that enters the cell by pinocytosis or 

endocytosis. Subsequently, FcRn efficiently recycles IgG back to the plasma membrane, 

where the near-neutral pH of the extracellular environment causes IgG release from FcRn. 

Any pinocytosed or endocytosed IgG that are not savaged in this manner are efficiently 

trafficked to the lysosomes for degradation (28, 57 and 58). If the US11 acts by preventing 

FcRn binding to IgG and trafficking to the endosome, it should accelerate the IgG 

degradation by promoting the pinocytosed IgG to the lysosomes. 

  

To test this theory, HCMV-infected endothelial HMEC-1 cells were incubated with 

human IgG.,The IgG concentration in the supernatant medium were subsequently measured 

by ELISA at indicated time points (Fig. 2.11A). We detected that, after 48 hours incubation, 

IgG concentration was significantly reduced in the medium from the HCMV-infected 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3215070/figure/fig03/
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HMEC-1 cells in comparison with that from mock-infected cells (Fig. 2.11B). To further 

understand this process, HCMV-infected HMEC-1 cells were stained with mAb anti-EEA1 to 

visualize human IgG trafficking to the endosomal compartment. We were able to easily 

detect human IgG (Fig. 2.11C, yellow) in the endosome of the mock-infected HMEC-1 cells, 

but not in the HCMV-infected HMEC-1 cells. Pearson correlation coefficient analysis 

indicated a significantly less colocalization of EEA1 and human IgG in the HCMV-infected 

HMEC-1 cells than that in the Mock-infected cells (Fig.  2.11D), suggesting that the HCMV 

infection impairs the IgG recycling in the endosome compartment. To further investigate the 

fate of IgG Ab, antibody against lysosome-associated membrane glycoprotein-1 (LAMP1), a 

lysosomal marker, was used to follow IgG trafficking to lysosomal sites. Transport of the 

human IgG to the lysosomes was negligible in mock-infected HMEC-1 cells during the 

incubation periods as indicated (Fig. 2.11E). However, the colocalization (Fig.  2.11E, yellow) 

of LAMP-1 and IgG Ab was prominent in HCMV-infected HMEC-1 cells.As showed in 

Pearson correlation coefficient analysis, the colocalization of LAMP1 and human IgG in the 

HCMV-infected HMEC-1 cells was significantly higher than that in the Mock-infected (Fig. 

2.11F), indicating that the HCMV infection promotes the trafficking of IgG into the 

lysosomes. The human IgG trafficking patterns in HCMV-infected HMEC-1 cells were 

thoroughly verified in IgG-treated HeLa
FcRn+US11

 cells (Fig. 2.11G, H, I and J). Taken together, 

these data strongly suggest that the US11 protein or HCMV infection prevents FcRn 

trafficking to the endosme, possibly by retaining the FcRn in the ER compartment, ultimately 

resulting in the delivery of IgG Abs to lysosomes for degradation. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3215070/figure/fig03/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3215070/figure/fig03/
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Figure 2.11 HCMV infection increased IgG catabolism in human endothelial cells.  

A+ B. HEMC-1 cells (5 x 10
5 
/2 ml) were grown in the complete medium with 5% FBS with 

ultra-low IgG. After cells were initially infected with 5 MOI of HCMV or mock-infected for 

48 hr, they were then incubated with complete medium supplemented with 50μg/ml human 

IgG for another 48 hours. During this incubation, the supernant medium was sampled at 0, 12, 

24, 36, 48 hr and the IgG concentration in each medium sample was mesured by ELISA (A). 

The ELISA analyses were performed in triplicate. At 48 hr, the IgG concentration in the 

medium from the HCMV-infected and mock-infected cells were compared by t-test analysis 

(B). Star denotes statistical significance. ** P < 0.01. C+D+E+F. To visualize human IgG 

trafficking inside the infected HEMC-1 (5 x 10
4
) cells, they were infected with 5 MOI of 

HCMV for 48 hr and were then incubated with 250μg/ml human IgG for 1 hr at 37°C.  After 

completely washing, cells were incubated in complete medium without IgG for an additional 

1 hr, then fixed and stained by immunofluorescence for the co-localization of human IgG 

with the early endosomal marker EEA1 (C) or lysosomal marker LAMP1 (E). The nuclei 

were stained with DAPI (blue); Colocalization of two molecules appears in yellow. The 

colocalization degree of internalized IgG with EEA1 (D) or LAMP1 (F) was quantified by 

the average Pearson’s colocalization coefficients in mock and viral-infected HMEC-1 cells. 

G+H+I+J. Human IgG trafficking inside HeLa 
FcRn+US11

 and HeLa 
FcRn

 cells. To visualize 

human IgG trafficking inside HeLa 
FcRn+US11

, HeLa 
FcRn

 (1 x 10
5
) cells, they were incubated 

with 250μg/ml human IgG for 1 hr at 37°C.  After completely washing, cells were incubated 

with complete medium without IgG for an additional 1 hr, then fixed and stained by 

immunofluorescence for the co-localization of human IgG with the early endosomal marker 

EEA1 (G) or lysosomal marker LAMP1 (I). The nuclei were stained with DAPI (blue); 

Colocalization of two molecules appears in yellow. The colocalization degree of internalized 

IgG with EEA1 (H) or LAMP1 (J) was quantified by the average Pearson’s colocalization 

coefficients in HeLa 
FcRn

 and HeLa 
FcRn+US11

 cells. For each assay, Pearson’s correlation 

coefficient was measured by analyzing 100 cells (in total) in 10 different optical regions. Star 

denotes statistical significance. *** P < 0.001. 

 

Discussion 

Proteins inserted into the ER must fold and acquire their native state before further 

trafficking through the secretory pathway (291, 292). To remove the misfolded proteins, they 

are retrotranslocated across the ER-membrane for cytosolic proteasome degradation in a 
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process known as ER-associated degradation (ERAD) (230). Many pathogens take over the 

ERAD system, particularly to degrade components of the host immune system (293, 295). 

The FcRn plays a central role in IgG biology at all stages of life; it is the only known Fc 

receptor able to transport IgG across cell barriers and prolong IgG half-life (58). HCMV is a 

ubiquitous herpesvirus that establishes lifelong latent infections and, after periodic 

reactivation from latency. It causes life-threatening disease in patients who go through bone 

marrow or tissue transplantation or who have AIDS. HCMV uses a panel of immune evasion 

proteins to survive and replicate in the face of cellular immunity. In this study, we find that 

the HCMV infection can cause FcRn degradation through an ERAD mechanism. 

 

Our first major finding is that FcRn and US11 proteins specifically interact in the 

US11 transfected HeLa or HCMV-infected human cells. The HCMV US11 protein binds 

FcRn HC in either transfected HeLa or HCMV-infected intestinal Caco-2, endothelial 

HMEC-1, and macrophage-like THP-1 cells. Monocyte/macrophages are important host cells 

for HCMV, serving as a latent reservoir and as a means of dissemination throughout the body. 

Important consequences of this interaction are that the US11 binding retails FcRn HC in the 

ER, so FcRn does not appear in the acidic endosomal compartment, an ideal compartment for 

FcRn binding to IgG. Several lines of evidence support this conclusion. First, US11 is 

colocalized with FcRn in transfected HeLa or HCMV-infected cells. Second, US11 

expression impairs FcRn appearance in the early endosomes. Third, US11 interacts with the 

nascent FcRn HC but not with FcRn-β2m, suggesting that US11 captures newly synthesized 

FcRn HC before it binds 2m. Molecular interactions of US11 and FcRn are not exactly 

known but it seems that the US11 luminal domain interacts with the extracellular domain of 

FcRn. The contribution of the critical residue in their reciprocal bindings will be further 

investigated. Fourth, the glycosylation of FcRn complexed with US11 is restricted to early 

unmatured forms, showing that the complex is retained in the ER. These findings agree with 
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that fact that the US11 is an ER resident protein, which the luminal domain of US11 is 

essential to confer ER localization (175). It is possible that a US11-deleted HCMV virus 

could be used to verify the function of US11 interacting with FcRn. However, additional 

HCMV proteins may affect FcRn expression and functions in US11 mutant virus-infected 

cells. We found that the HCMV genome encodes at least two additional proteins that interact 

with FcRn HC (unpublished data). Therefore, multiple HCMV proteins might interact with 

FcRn. 

 

Our second major finding is that HCMV US11 protein initiates dislocation of newly 

translocated FcRn HC from the ER to the cytosol for proteasome-mediated degradation using 

an ERAD mechanism. Because binding between US11 and tailless FcRn is preserved, yet no 

degradation of FcRn HC was observed, we reason that US11 alone does not have the 

capability to mediate FcRn degradation. We find that US11 causes FcRn degradation in a 

CHX chase experiment and US11 engages a Derlin-1/TMEM129-dependent pathway that is 

required for FcRn degradation. This conclusion is supported by the evidence that a mutant 

US11 failing to interact with Derlin-1 fails to use FcRn degradation. Indeed, it remains 

unknown whether US11 remains bound to Derlin-1 even after the FcRn molecules dissociate 

from US11. Formation of the FcRn/US11/Derlin-1 complex is important for FcRn 

degradation. Thus, once captured by Derlin-1, MHC-I molecules are rapidly dislocated and 

ubiquitinated. Although Derlin-1 interacts with several ubiquitination E3 ligases, 

TMEM129’s strong interaction with Derlin-1 suggest TMEM129 is a candidate. 

Bioinformatic analysis suggests that TMEM129 has three transmembrane domains and a long 

C-terminal tail which is predicted to contain conserved cysteine residues whose spacing is 

reminiscent of the RING family of E3 ligases (183). Linking FcRn with the TMEM129 

cellular E3 ligase may provide a very efficient way to degrade FcRn. Thus, once captured by 

Derlin-1, FcRn HC are rapidly dislocated, ubiquitinated and, finally, extracted from the ER 
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membrane and released into the cytosol. We further show that the knockdown of TMEM129, 

together with its cognate E2 UbE2J2, abolishes FcRn ubiquitination in the presence of US11 

and prevents FcRn degradation. Other ERAD E3 ligases cannot substitute for TMEM129, as 

depletion of neither Hrd1/Gp78, RMA-1, nor TRC8 prevents FcRn degradation, making it 

surprising that TMEM129 is the sole ligase responsible for US11-induced FcRn protein 

degradation. We reason that the major role of US11 is likely to be the delivery of FcRn HC to 

Derlin-1 or Derlin-1 bridges US11 to TMEM129, which then induces FcRn dislocation to the 

cytosol for proteasomal degradation. Also, US11 protein is shown to activate the unfolded 

protein response, which turns on the expression of genes involved in the ERAD pathway 

(285).  

 

Our third major finding is that HCMV infected cells or US11 reduces FcRn-mediated 

IgG transport in epithelial monolayer and accelerates the IgG catabolism in human 

endothelial cells.  We can envision the relevance of our findings in vivo. By transferring 

maternal IgG Ab across the placenta, FcRn provides passive protection to newborns before 

neonatal immunity develops. FcRn also transports IgG across other polarized epithelial cells 

lining the mucosal surfaces (38). In this way, FcRn ensures an effective IgG-mediated 

mucosal immune response to infection or vaccination. By extending IgG lifespan in 

circulation and local tissues, FcRn guarantees that pathogen-specific IgG Ab confers a 

durable protective immunity. Because HCMV establishes a lifelong persistent infection that 

frequently involves many cycles of latency and reactivation, HCMV triggers strong and long-

lasting host immune responses, including IgG responses. As an opportunistic infectious agent, 

HCMV will increase susceptibility to secondary infections. Importantly, HCMV is a leading 

virus causing congenital diseases when it infects the uterine-placental interface 

syncytiotrophoblasts; this is associated with a variety of birth defects depending on the 

strength of maternal humoral immunity and gestational age (296). The US11 inhibition of 
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FcRn function would result in lower amounts of the high-avidity neutralizing Abs from 

maternal circulation getting to the fetal bloodstream. The US11 function undermines the 

mechanism for FcRn in syncytiotrophoblasts that are to import protective maternal Abs and 

inhibit viral replication in the placenta (32, 35). In order for HCMV to persist or evade pre-

existing maternal immunity, viral immune evasion mechanisms must be developed to have a 

detrimental effect on FcRn functions. Until now, no viral mechanism able to evade FcRn 

functions has been described. Expression of US11 in cells reduced or abolished FcRn ability 

to transport and protect IgG. Thus, US11 may allow HCMV-infected cells to remain 

relatively 'invisible' to IgG, a property that would be important after virus reactivation, a 

property that would be important after virus reactivation. Our results, though limited to in 

vitro studies, point to a way that HCMV US11 could enable viral infections to persist by 

degrading FcRn function.  

 

How FcRn is exactly extracted from the ER membrane and released into the cytosol 

for the degradation in the presence of US11 expression? US11 requires the cytosolic tail of 

the FcRn HC to drive FcRn into the ERAD pathway for degradation; however, the underlying 

mechanisms remain elusive. The cytoplasmic tail of the FcRn, although not required for 

interaction with US11, may be required for tight binding to Derlin-1. Our data show that 

deleting the cytoplasmic tail (or C-terminal amino acid) of FcRn markedly weakened its 

interaction with Derlin-1, suggesting the cytoplasmic tail of FcRn is required for FcRn tightly 

binding to Derlin-1 in the presence of US11. It is interesting to know whether deleting the C-

terminal cytosolic region of Derlin-1 also prevents it from binding to FcRn HC. We reason 

that the interaction of cytoplasmic tails between FcRn and Derlin-1 may allow both 

molecules to engage the dislocation machinery because tailless FcRn seems to fail to 

complete the dislocation to the cytosol for proteasomal degradation. Also, for entry into the 

proteasome, the glycan in the FcRn could pose a steric constraint. The N-glycanase activity 
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likely acts immediately on removal of the glycans in the FcRn in the course of dislocation. 

Hence, the compromising of the proteasomal activity would accumulate the bulk of the 

dislocating FcRn that is transferred into the cytosol and as a deglycosylated polypeptide. We 

do detect the deglycosylated form of FcRn appears only in the cytosol during the cell 

fractionation (Fig. 2.8E). Because the cytosolic deglycosylated intermediates of the FcRn HC 

are not observed in the absence of proteasomal inhibitors, dislocation and degradation by the 

proteasome may be tightly coupled. This assumption is supported by the evidence that the C-

terminal region of Derlin-1 interacts with the cytosolic AAA ATPase p97, a proteasomal 

protein; thus, the Derlin-1-bound FcRn HC may also physically interact with p97. It is 

possible that the p97 may provide the energy required for the dislocation (240). These 

interactions then allow p97 to extract FcRn from the ER membrane and release them into the 

cytosol for proteasomal degradation. Taken together, these results suggest that the cytosolic 

region of FcRn is involved in ERAD substrate binding and this interaction is critical for the 

Derlin-1-mediated dislocation of the FcRn to the cytosol during US11-induced FcRn 

degradation. 

 

HCMV US11 has been shown to hijack the similar ERAD system to degrade MHC 

class I, thus preventing CD8
+
 T cells recognition of infected cells (285, 286). However, the 

discovery of the HCMV US11-mediated FcRn degradation is unexpected since FcRn protein 

has only limited homology with MHC-I molecules. Interestingly, US11 also utilizes a similar 

ERAD system to degrade MHC-I, which US11 binds to the MHC-I HC and Derlin-1 via its 

ER luminal domain and transmembrane domain, respectively (177, 178) and ubiquitinate 

MHC-1 molecules for degradation by TMEM129 (184). The last two amino acids (valine or 

alanine) located at the C-terminus of the MHC-I molecules are conserved (176) and may be 

the target of Derlin-1 recognition (179). However, some differences also exist, for example, 

either US2 (289) or US11 is sufficient to induce the rapid degradation of newly synthesized 
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MHC-I. In contrast, we find HCMV US2 fails to cause FcRn degradation in our study. 

Perhaps MHC-I molecules are highly polymorphic, and HCMV is likely to use a “backup” 

immune-modulating protein to degrade MHC-I molecules. In contrast, FcRn is relatively non-

polymorphic. Most surprisingly, HCMV employes a single US11 protein-mediated ERAD 

degradation system evades both cellular and antibody-mediated immunity, this may be due to 

HCMV encoding a limited number of immune evasion proteins. 

 

Several questions remain and need further investigation. First, the role of ubiquitin in 

US11-induced FcRn degradation remains unknown. Human FcRn has one lysine residue in 

its cytoplasmic tail (33); whether this lysine residue is critical for FcRn ubiquitination or 

whether a major fraction of cytosolic FcRn HC that accumulates in the presence of 

proteasome inhibitors is an ubiquitinated form merit further investigation. If it is not, it 

should also not be surprised. Ubiquitin can be conjugated to nonlysine residues, including 

serine, threonine, or cysteine residues in the cytoplasmic tail and the protein N terminus (182). 

Both serine, threonine residues also appear in the cytoplasmic tail of FcRn (33), hence, FcRn 

tail seems to contain multiple potential ubiquitin acceptor sites. In addition, TMEM129 has 

an atypical RING-C2 domain and US11 is able to degrade a “lysine-less” MHC-I molecules 

(166), hence, TMEM129-dependent ubiquitination of FcRn HC might proceed on a 

combination of lysine and nonlysine residues, consistent with the detection of TMEM129’s 

cognate E2, Ube2J2, which is also recruited by the MHVγ68 mK3 viral E3 ligase for 

ubiquitination of MHC-I on nonlysine residues (252). Secondly, is the US11 per se targeted 

by TMEM129 for the ubiquitination and degradation? It is shown that TMEM129 is unable to 

ubiquitinate US11 (184). In contrast, the HRD1/SEL1L complex mediates US11 degradation 

(245). Thirdly, HCMV US11 inhibits intracellular trafficking of FcRn leading to decreased 

reduced IgG transcytosis and increases IgG catabolism. The increase in IgG catabolism will 

reduce the levels of virus-neutralizing antibodies; the decrease in IgG transcytosis will lessen 
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the seeding of maternal and mucosal immunity. These mechanisms cannot be tested in vivo 

because HCMV is highly species specific and no animal model is available. However, CMV 

infects mouse or guinea pig; it is interesting to know whether these CMVs cause FcRn 

degradation in these species. Fourthly, it is reported that approximately 50% of rhesus 

macaques vaccinated with rhesus cytomegalovirus (RhCMV) vectors expressing SIV 

protein shows a durable control of infection with the highly pathogenic strain SIVmac239 

(290). This seems paradoxical based on HCMV US11’s potent ability to reduce MHC-I levels 

and alter antigen presentation and to block FcRn functions. However, in the context of 

RhCMV, it remains to know whether RhCMV US11 has the reciprocal function of HCMV 

US11. Lastly, the FcRn function is an important factor in autoimmune diseases (58) because 

the half-life of autoimmune IgG prolongs. From this view, the HCMV US11 might benefit 

the individuals by blocking FcRn function and facilitate the destruction of autoimmune IgG. 

Our findings may offer a new strategy for treating Ab-mediated autoimmune diseases.   

 

In conclusion, we define a novel function and mechanism by which US11 suppresses 

antibody immunity through preventing normal function of FcRn. Thus, the role of US11 as a 

cellular immune suppressor may need to be reinterpreted in the light of the fact that US11 

also suppresses FcRn-mediated IgG transport and protection. Based on our findings, we 

propose a working model that explains how HCMV US11 dislocates FcRn HC to the cytosol 

for proteasomal degradation (Fig. 2.12). In HCMV-infected cells, US11 captures FcRn HC 

and brings them to Derlin-1 via its direct binding to Derlin-1. During this transition, the C-

terminal region of Derlin-1 may recognize and bind tightly to the cytosolic tail of the FcRn 

HC. The FcRn HC bound to Derlin-1 is then ubiquitinated and dislocated to the cytosol via a 

TMEM129-mediated mechanism. For dislocation of FcRn HC, the cytoplasmic tail of FcRn 

may provide a point of contact for the Derlin-1, likely more proteins, in the cytosol to pull out 

the FcRn HC from the ER membrane. Hence, our characterization of Derlin-1 and TMEM129 
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as a novel ERAD system of HCMV US11-induced FcRn ubiquitination, dislocation, 

degradation, therefore, not only uncovers a novel function for ERAD pathway but might help 

in future understanding HCMV pathogenesis, treating of viral diseases and vaccine design. 

Because of the HCMV infections in human population and the important role of FcRn in 

controlling IgG transport and catabolism, this study will have a broad impact on a variety of 

infectious diseases, autoimmune diseases, cancer immune therapy, and vaccine development. 

 
 
Figure 2.12 Proposed model for US11 interacting with FcRn. In cells without HCMV 

infection (right), FcRn routes to the endosome and reaches the cell surface through the 

secretory pathway and recycles between the plasma membrane and endosomes via 

endocytosis. In the presence of HCMV infection or US11 expression (Left), a portion of β2m -

free FcRn HC molecules is associated with the US11 in the ER. US11-bound MHC-I is 

rapidly ubiquitinated by the TMEM129 E3 ligase and subsequently retro-translocated to the 

cytosol for proteasomal degradation. TMEM129 is recruited to US11 via Derlin-1. The 

portion of FcRn engaged by US11 is targeted for proteasome degradation by ER ‘dislocation’ 

mechanism.  
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Chapter 3: HCMV FcγR cooperates with HCMV FcRn-targeting 

viral protein in facilitating host IgG degradation 

 

Abstract 

Human cytomegalovirus (HCMV) is widely spread across the world population. In 

immunocompromised individuals, HCMV infection poses a life-threatening risk. Moreover, 

HCMV can transmit across the placenta and is recognized as the leading infectious cause of 

congenital abnormalities worldwide. Antibody immunity is critical for controlling the HCMV 

infection and dissemination, However, HCMV has evolved a strategy to evade the antibody 

immunity by expressing viral FcγRs gp34 and gp68 that can bind IgG and enhance the uptake 

of IgG via receptor-mediated endocytosis. The neonatal Fc receptor (FcRn), an MHC class I-

related host FcγR can capture internalized IgG in acidified endosome and salvage IgG away 

from lysosome degradation. Although HCMV vFcγRs have been reported to internalize IgG 

via endocytosis, whether they facilitate IgG degradation in the presence of FcRn is still 

unknown. Interestingly, we found that in acidic pH (6.0) condition, the IgG binding capacity 

of gp34 was largely impaired while the IgG binding capacity of gp68 was not affected. 

Consequently, in the expression of FcRn, gp34 did not enhance IgG degradation whereas 

gp68 significantly promoted the IgG degradation. Furthermore, when the FcRn function was 

interfered by another HCMV viral protein US11, both gp34 and gp68 enhanced IgG 

degradation in FcRn
+
 cells. 

 

Introduction 

Human cytomegalovirus (HCMV), also known as Human herpes-virus 5 (HHV-5), is 

a member of the human pathogenic β-herpesvirus subfamily of Herpesviridae. HCMV is 
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widely spread across the world population (95), although infection in immunocompetent 

individuals is generally asymptomatic. However, both initial and reactivated HCMV 

infections pose a life-threatening risk in immunocompromised patients, such as organ 

transplant recipients (91) and HIV-infected patients (93). In addition, due to its ability to 

transmit across the placenta (128), HCMV is a cause of fetal damage and is the leading 

infectious cause of congenital abnormalities worldwide (97).  

 

Antibody immunity is critical for controlling the HCMV infection and dissemination, 

as the viral specific IgG can either directly neutralize the HCMV virions or activate the 

immune cells, such as Macrophages or NK cells through the surface FcγRs (219, 220). 

However, latent HCMV has been shown capable of reactivation and super-infection, even in 

the presence of HCMV-specific IgG (275, 276). Furthermore, HCMV can circumvent 

neutralizing antibodies (nAb), either by interfering with their binding using a heavily 

glycosylated viral glycoprotein (221), or by integrating their Fc region into the viral envelope, 

thus increasing viral binding and infection in FcγR-expressing cells (222). Interestingly, 

HCMV also encodes several viral FcγRs, which may interfere with the FcγR-mediated effects 

by HCMV-specific antibodies (226). Two of the HCMV viral FcγRs are gp34, a 34 kDa 

receptor encoding by the RL11 gene (224), and gp68, a 68 kDa receptor encoding by the 

UL119-UL118 gene (223). Both of the receptors can bind to human IgG efficiently and 

compete for IgG binding with host FcγRs (225, 226). HCMV gp34 has a DxxxLL dileucine 

consensus motif in their cytoplasmic tail, indicating its role in internalizing IgG through the 

endocytic pathway (224). HCMV gp68 can uptake IgG-IC complex through receptor-

mediated endocytosis and route IgG into lysosome for degradation (277). A recent report 

elucidated that gp34 and gp68 can compete with host FcγRIIIA (CD16) for binding to the 

viral-specific antibody on the cell surface, thus antagonizing the NK cell activation through 

antibody-dependent cellular cytotoxicity (ADCC) effect (226).   
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The neonatal Fc receptor (FcRn) is composed of a membrane-bound heavy chain (HC) 

in non-covalent assembly with a common β2-microglobulin (β2m) (13, 15). The narrowed 

antigen-binding groove precludes the antigen-peptide loading to FcRn, instead, it enables 

FcRn to bind IgG (16, 17). FcRn binds IgG antibodies in a pH-dependent manner, binding to 

the Fc-region of IgG at acidic pH (< 6.5) and releasing IgG at neutral or higher pH (25, 26). 

In the majority of cell types, FcRn primarily resides in the early endosomal vesicles, where 

the acidic pH environment allows FcRn to capture IgG that enters the cell by pinocytosis or 

endocytosis (28). FcRn recycles IgG back to the cell surface, where the neutral pH 

extracellular environment enables FcRn to release IgG. Any internalized IgG that is not 

salvaged in this manner is efficiently trafficked to the lysosomes for degradation. By this way 

FcRn protects IgG from degradation and confers IgG a longer half-life (21 days in human) 

than other proteins in circulation (28, 56) and the major sites for IgG recycling by 

endogenous FcRn in vivo has been proved to be the endothelial cells (57). 

 

Although HCMV gp34 or gp68 can mediate the IgG internalization into endosomes, 

previous studies are mostly performed in cells lacking FcRn expression (224, 225). After the 

viral FcγRs deliver IgG into endosomes, the acidic pH environment may detach IgG from 

those receptors and the free IgG may be subsequently recycled by the FcRn in endosomes. 

Therefore, whether those receptors can really enhance IgG degradation in the presence of 

FcRn is unknown. This needs to be further determined, since HCMV can infect endothelial 

cells (121, 122) and express gp34 or gp68 to enhance IgG uptake into endothelial cells where 

FcRn is also expressed and actively salvage the IgG. Moreover, in HCMV-infected cells, 

viral protein US11 can interfere with FcRn trafficking to endosomes by retaining FcRn in ER 

(Data shown in Chapter 2). Whether gp34 or gp68 can enhance IgG degradation when FcRn 

is blocked also needs to be evaluated. In this study, we found that, at acidic pH condition, the 
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human IgG binding ability of gp34 was impaired while gp68 still efficiently bound human 

IgG. In FcRn
+
 cells, gp68 enhanced the IgG degradation while gp34 did not. In acidified 

endosomal compartments, gp34 probably released the internalized IgG, which was further 

protected by FcRn from lysosome degradation. When the FcRn trafficking to endosome was 

blocked by viral protein US11, both the gp34 and gp68 enhanced IgG degradation. Our 

discovery provides new knowledge that the HCMV viral protein US11 cooperates with viral 

Fc Receptors to enhance IgG degradation to evade antibody immunity. 

 

Materials and Methods  

Plasmids, cell lines and antibodies 

The encoding DNA sequence for HCMV gp34 or gp68 was amplified by gp34 RT 

primer pair (5’-ATGCAGACCTACAGCACCCCCCTCAC-3’ and 5’-

TTACTGTAAATCCCCGTCCACCGTCAAC-3’) or gp68 RT primer pair (5’-

ATGTGTTCCGTACTGGCGATCGCGC-3’ and 5’-CTACCATGCTTGAAG 

TAGGGCACC-3’) from the cDNA of HCMV AD169-infected MRC-5 cells (Chapter 2. 

Materials and Methods). To construct the plasmid pSecTag2-Myc-gp34 that expresses an N-

terminal Myc-tagged gp34 protein, the gp34 cDNA was further amplified by Myc-gp34 

primer pair (5’-ACGAAGCTTAGAACAGAAACTGATCT 

CTGAAGAAGACCTGGGTTCATCGAACGCCGTCGAACC-3’ and 5’-

CTCCTCGAGTTACTGTAAATCCCCGTCCACCGTCAAC-3’) that fused an Myc epitope 

at the N-terminus of gp34 major peptide and cloned into the pSecTag2/Hygro A (Invitrogen). 

To construct the plasmid pSecTag2-Myc-gp68 that expresses an N-terminal Myc-tagged 

gp68 protein, the gp68 cDNA was further amplified by Myc-gp68 primer pair (5’-

ACGAAGCTTAGAACAAAAACTCATCTCAG 
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AAGAGGATCTGAGCACCACAAGCGCCGTCACTTC-3’ and 5’-CTCCTC 

GAGCTACCACTGCTTGAAGTAGGGCAC-3’) that fused an Myc epitope at the N-

terminus of gp68 major peptide and cloned into the pSecTag2/Hygro A. 

 

HeLa cell lines were obtained from the American Type Culture Collection (Manassas, 

VA) and grown in complete DMEM. Complete media were supplemented with 10 mM 

HEPES, 10% FCS (Sigma-Aldrich), 1% L-glutamine, nonessential amino acids, and 1% 

penicillin-streptomycin. Cells were grown in 5% CO2 at 37°C. The HeLa
FcRn 

cell line stably 

expressing human FcRn was established as previously described (12) and grown in complete 

DMEM supplemented with 0.5mg/ml G418 sulfate (KSE scientific). The cell line HeLa
US11+ 

FcRn
 stably expressing human FcRn and HCMV US11 was established as previously described 

(Chapter 2. Materials and Methods) and grown in complete DMEM medium supplemented 

with 5µg/ml Blasticidin (Invitrogen) and 0.5 mg/ml G418 sulfate. HeLa
FcRn+gp34

 cell line 

stably expressing human FcRn and HCMV US11 was established by the transfection of 

HeLa
FcRn

 cells with the pSecTag2-Myc-gp34 plasmid, whereas HeLa
FcRn+gp68

 cell line stably 

expressing human FcRn and HCMV gp68 was established by the transfection of HeLa
FcRn

 

cells with the pSecTag2-Myc-gp68 plasmid. HeLa
FcRn+US11+gp34

 cell line stably expressing 

human FcRn and HCMV US11 was established by the transfection of HeLa
FcRn+US11

 cells 

with the pSecTag2-Myc-gp34 plasmid, whereas HeLa
FcRn+US11+gp68

 cell line stably expressing 

human FcRn and HCMV gp68 was established by the transfection of HeLa
FcRn+US11

 cells with 

the pSecTag2-Myc-gp68 plasmid. After transfection, cells were cultured under 200 µg/ml 

Hygromycin B (Invitrogen). Surviving cell colonies were detected by immunofluorescence 

staining using the anti-Myc antibody for gp34 or gp68 expression and cells with high 

expression homogeneity were selected for subculture. The HeLa
FcRn+gp34

 and HeLa
FcRn+gp68

 

cell lines were grown in complete DMEM medium supplemented with 100 µg/ml 

Hygromycin B and 0.5 mg/ml G418 sulfate. The HeLa
FcRn+US11+gp34

 and HeLa
FcRn+US11+gp68

 cell 
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lines were grown in complete DMEM medium supplemented with 100 µg/ml Hygromycin B, 

10 µg/ml Blasticidin  and 0.5mg/ml G418 sulfate. 

 

Rat anti-FLAG epitope (DYKDDDDK) IgG2a (clone L10) was purchased from 

BioLegend. Mouse anti-Myc epitope (EQKLISEEDL) IgG2a (clone 9B11) was from Cell 

Signaling. HRP-conjugated goat anti-mouse secondary antibody was purchased from 

Southern Biotech. Alexa Fluor 488-conjugated goat anti-Rat secondary antibody or Alexa 

Fluor 555-conjugated goat anti-mouse secondary antibody was purchased from Life 

Technologies. 

 

Transfection and protein expression  

Cells were transfected with recombinant plasmids (described above) along with 

PolyJet transfection reagent (SignaGen Laboratories, Rockville, MD). Cells were plated 18 to 

24 hours prior to transfection. The PolyJet regent (µL) and the plasmid DNA (µg) were 

mixed in serum-free DMEM at a ratio of 3: 1. After incubation for 10~15 minutes at room 

temperature, PolyJet/DNA mixture was dropped onto the medium and homogenize by gently 

swirling the cell culture plate. PolyJet/DNA complex-containing medium was replaced with 

fresh complete medium 12~18 hours post transfection. The transfection efficiency was 

examined by immunofluorescence or Western blot 24 to 48 hours post transfection. 

 

Confocal immunofluorescence  

Immunofluorescence was performed as previously described (Ye L, 2008). Briefly, 

cells were cultivated on coverslips for 24 hr. Subsequent procedures were done at room 

temperature. The cells were rinsed with PBS, cold fixed in 4% paraformaldehyde (Sigma-

Aldrich) in PBS for 20 min, and quenched with glycine for 10 min. After two washes with 
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PBS, the coverslips were permeabilized in solution (PBS containing 0.2% Triton X-100) for 5 

min and then blocked with blocking buffer containing 3% normal goat serum (NGS) for 30 

min. 1 µg of first antibodies Rat anti-FLAG or Mouse anti-Myc were diluted in 200 µl 

blocking buffer were added onto the coverslips and incubated for 2 hr at room temperature. 

Cells were then incubated with Alexa Fluor 488-conjugated goat anti-Rat secondary antibody 

or Alexa Fluor 555-conjugated goat anti-mouse secondary antibody in blocking buffer. Cells 

were also stained by DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) for cell 

nucleus for 15 mins. After each step, cells were washed three times with 0.1% Tween 20 in 

PBS. Coverslips were mounted on slides with the ProLong antifade kit (Molecular Probes) 

and examined using a Zeiss LSM 510 confocal fluorescence microscope. Images were 

processed using LSM Image Examiner software (Zeiss).  

 

Gel electrophoresis and Western blotting  

Cell lines and transfectants were lysed in PBS with 0.5% CHAPS and protease 

inhibitor cocktail III.  Protein concentrations were determined as described previously. The 

lysates were boiled with Laemmli Sample buffer at 95°C and resolved on a 12% SDS-PAGE 

gel under reducing conditions. Proteins were transferred onto a nitrocellulose membrane 

(Schleicher & Schuell, Keene, NH, USA). All blocking, incubation and washing were 

performed in 5% non-fat milk and 0.05% Tween 20 in PBS). The membranes were blocked, 

probed separately with specific primary antibody overnight at 4 °C, washed, and then probed 

with HRP-conjugated secondary antibody for 2 hours. Proteins were visualized using 

SuperSignal West Pico Chemiluminescent Reagent (Thermo Scientific). Chemiluminescence 

signal acquisition was conducted using the Image Lab, version 5.2 in a Chemi-Doc XRS 

imaging system (Bio-Rad Laboratories, Hercules, CA).  

 

https://www.thermofisher.com/order/catalog/product/D1306
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IgG binding Assay 

A human IgG binding assay was performed as previously described (80). Cells were 

lysed in PBS (pH 6.0 or 7.4) with 0.5% CHAPS (Sigma-Aldrich) and protease inhibitor 

cocktail III (Calbiochem) mixture on ice for 1-2 hr. Post-nuclear supernatants containing 0.5 

– 1 mg of soluble proteins were incubated with human IgG-Sepharose (Rockland 

Immunochemicals) at 4°C overnight. Unbound proteins were washed off with PBS (pH 6.0 or 

7.4) containing 0.5% CHAPS. Adsorbed proteins were eluted by boiling in Laemmli Sample 

buffer at 95°C for 15 min. The eluted fractions were subjected to Western blot analysis as 

described above. 

 

In vitro human IgG protection  

To perform the human IgG protection assay, stable cell lines HeLa
FcRn

, HeLa
FcRn+gp34

, 

HeLa
FcRn+gp68

 or HeLa
FcRn+US11

, HeLa
FcRn+US11+gp34

, HeLa
FcRn+US11+gp68

  (10
6
) were cultured in 

2ml complete medium that contains 5% FBS with ultra-low IgG. Those cells were then 

incubated the complete medium supplemented with 50 µg/ml human IgG for 48 hours. 

During this incubation, the supernant medium was sampled at 0, 12, 24, 36, 48 hr time point 

and the IgG concentration in each medium sample was mesured by ELISA.  

 

Enzyme-linked immunosorbent assay (ELISA) 

Human IgG was quantified using ELISA (Bethyl Laboratories, Montgomery, TX). 

ELISA plates (Nunc) were coated with 10 µg/ml goat anti-human IgG-Fc Ab overnight at 

4°C. Plates were washed three times with PBST (0.05% Tween 20 in PBS) and then blocked 

with 10% FBS in PBS for 1 hr at room temperature. Plates were washed with PBST three 

times and incubated with either an IgG standard or the transcytosis samples diluted in 10% 
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FBS for 2 hr at 25
o
C. Plates were washed for five times with PBST and incubated with 

0.1 µg/ml HRP-conjugated goat anti-human IgG-Fc Ab for 1 hr. After plates were washed 

with PBST seven times, we added the substrates tetramethylbenzidine and hydrogen peroxide 

to initiate a reaction. 1M sulphuric acid was added to stop the reaction. The colorimetric 

reaction was read at 450 nm using a Victor III microplate reader (Perkin Elmer). 

 

Results 

HCMV vFcRγs gp34 and gp68 colocalization with FcRn in the endosomes. 

After the HCMV vFcRγs gp68 and gp34 bind the human IgG on the cell surface, they 

can internalize the IgG. The cytoplasmic tail of gp34 contains a DxxxLL dileucine consensus 

motif indicating a potential function in intracellular targeting of the protein to endocytic route 

(223,224). And gp68 has been reported to mediate endocytosis to transports antigen-bound 

IgG complexes into lysosome (277). To study the intracellular expression patterns of HCMV 

vFcRγs gp34 and gp68, we transfected the HeLa
FcRn

 cells with plasmid encoding myc-tagged 

gp34 or myc-tagged gp68 cDNA respectively. We found that the expressed gp34 and gp68 

proteins showed a punctuate staining pattern that colocalized with the FcRn in HeLa
FcRn

 cells 

(Fig. 3.1A, top and B, top). As the majority of FcRn resides in acidic endosomes 

compartments (28), the colocalization of gp34 and gp68 with the FcRn indicates those viral 

Fc receptors are sorted into the endosomes vesicles after internalized from the cell surface. 

However, in the presence of US11 expression, the distribution pattern of FcRn appears as 

honeycomb with rare colocalization with gp34 and gp68 (Fig. 3.1A, bottom and B, bottom). 

This is consistent with previous data that US11 impairs FcRn trafficking into endosomes by 

retaining FcRn in ER (Data in Chapter 2). These data confirmed previous discovery that gp34 

and gp68 can internalize the IgG from the cell surface into the endosomes vesicles. 
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Figure 3.1.  Intracellular staining pattern of gp68 and gp34.  Immunoflourescence 

staining for the expression patterns of HCMV gp34 and FcRn in the HeLa
FcRn

 (gp34) cells (A, 

top) and HeLa
FcRn+US11

 (gp34) cells (A, bottom). Immunoflourescence staining for the 

expression patterns of HCMV gp68 and FcRn in the HeLa
FcRn

 (gp68) cells (B, top) and 

HeLa
FcRn+US11

 (gp68) cells (B, bottom). HeLa
FcRn

 (gp34) cells or HeLa
FcRn

 (gp68) cells are 

HeLa
FcRn

 cells transfected with plasmid pSecTag2-Myc-gp34 or plasmid pSecTag2-Myc-

gp68. HeLa
FcRn+US11

 (gp34) cells or HeLa
FcRn+US11

 (gp68) cells are HeLa
FcRn+US11

 cells 

transfected with plasmid pSecTag2-Myc-gp34 or plasmid pSecTag2-Myc-gp68.Cells grown 

on coverslips were fixed with 4% paraformaldehyde and permeabilized in 0.2% Triton X-100. 

Subsequently, the cells were incubated with affinity-purified anti-Myc (gp34 or gp68) or anti-

FLAG (FcRn) specific mAb, followed by Alexa Fluro 555- or 488-conjugated IgG. Puncta 

that appear yellow in the merged images (right panel) indicate colocalization of FcRn with 

gp34 or gp68 proteins. The nuclei were stained with DAPI (blue). Scale bar represents 10 μm. 
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The human IgG binding capacity of gp34 but not gp68 significantly decreases in 

acidic pH condition 

After entering the endosome, gp68 continues to route the IgG into lysosome, as the 

gp68 binds IgG very stably from pH 5.6 to pH 8.1 (225). To verify whether HCMV vFcγR 

gp34 can still bind IgG or not in the acidic pH condition in endosome compartment, we 

performed IgG binding assay for gp34 and gp68 proteins at either acidic pH (6.0) or neutral 

pH(7.4). At pH 7.4, both  gp34 and gp68 bound efficiently to human IgG, as very large 

amounts of those proteins were eluted from human IgG-sepharose after the binding assay (Fig. 

3.2A, lane 4 and  Fig. 3.2B, lane 4). However, at pH 6.0, the amount of gp34 proteins eluted 

from the IgG-sepharose was remarkably reduced compared to that at pH 7.4 (Fig. 3.2A, lane 

3 and 4), indicating that the IgG binding capacity of gp34 was significantly impaired in the 

acidic pH environment. In contrast, the amount of gp68 proteins eluted from the IgG-

sepharose was not significantly changed between the pH 6.0 and pH 7.4 (Fig. 3.2B, lane 3 

and 4), consistent with previous discovery that gp68-IgG complex is stable at acidic pH (225). 

Therefore, after internalizing IgG into endosomes, gp34 is very likely to release the IgG in 

the acidic environment in endosome vesicles, and the free IgG in endosome may be recycled 

in the presence of FcRn. In contrast, gp68 can still bind IgG in the acidic endosome vesicles 

and sort IgG according to its own trafficking pathway. 
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Figure 3.2. The human IgG binding capacity of gp34 but not gp68 significantly 

decreases in acidic pH condition. HeLa (gp34) cells or HeLa (gp68) cells were from HeLa 

cells transfected with either pSecTag2-Myc-gp34 plasmid or pSecTag2-Myc-gp68 plasmid. 

HeLa (gp34) cells expressing myc-tagged gp34 (A) or HeLa (gp68) cells expressing myc-

tagged gp68 (B) were lysed in sodium phosphate buffer pH 6.0 or pH 7.4 with 0.5% CHAPS 

and fresh proteinase inhibitors. From each cell lysate, approximately 0.5 mg of the soluble 

proteins were incubated with human IgG-Sepharose at 4°C. Unbound proteins were washed 

off with PBS (pH6.0 or pH 7.4) containing 0.5% CHAPS. Human IgG-Sepharose adsorbed 

proteins were eluted by Laemmli Sample buffer at 95°C for 15 mins.The eluted proteins were 

subjected to Western blotting analysis with mouse anti-Myc specific antibody. Cell lysate 

from each sample with an equal amount of total protein was also tested by WB by Myc 

antibody.  

 

HCMV gp34 and gp68 enhance IgG degradation when FcRn is blocked by US11 

expression  

To test whether gp34 and gp68 can enhance the IgG degradation in the presence of 

FcRn expression. We construct the stable cell line HeLa
FcRn+gp34

 expressing the gp34 and 

FcRn proteins and the stable cell line HeLa
FcRn+gp68

 expressing the gp68 and FcRn proteins. 

HeLa
FcRn

 (as control), HeLa
FcRn+gp34

 cells and HeLa
FcRn+gp68

 cells were incubated with human 

IgG respectively. The IgG concentration in the supernatant medium from the cell culture 

were subsequently measured by ELISA at indicated time points (Fig. 3.3A). After 48 hours 

incubation, IgG concentration was significantly reduced in the medium from the HeLa
FcRn+gp68

 

cells in comparison with that from HeLa
FcRn

 cells (Fig. 3.3B). In contrast, IgG concentration 

in the medium from the HeLa
FcRn+gp34 

showed no significant changes and comparable to that 

from HeLa
FcRn

 cells (Fig. 3.3B). This result indicates that in the presence of FcRn, gp68 

enhances IgG degradation whereas gp34 does not. This may be explained by our previous 

data that the acidic pH in endosomes impairs gp34 IgG binding capacity. The internalized 

IgG by gp34 is released in endosomes and subsequently recycled by FcRn to cell surface 

instead of being sorted into lysosome for degradation. Whereas gp68 binds IgG very stably at 

acidic pH (225) and is still able to deliver IgG into lysosome even in the presence of FcRn 

expression.  
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In HCMV infection, the viral protein US11 can interfere with FcRn function by 

retaining FcRn in the ER and blocking FcRn trafficking to endosomes (data in Chapter 2). 

We hypothesized that in the presence of US11, the IgG internalized into endosomes by gp34 

is not be salvaged by FcRn, but delivered into lysosome for degradation. Therefore, to test 

whether gp34 can enhance the IgG degradation or not when FcRn is blocked by HCMV 

protein US11, we constructed the stable cell line HeLa
FcRn+US11+gp34

 expressing the gp34, 

US11and FcRn proteins and the stable cell line HeLa
FcRn+US11+gp68

 expressing the gp68, US11 

and FcRn proteins. HeLa
FcRn+US11

 (as control), HeLa
FcRn+US11+gp34

 cells and HeLa
FcRn+US11+gp68

 

cells were incubated with human IgG respectively. The IgG concentration in the supernatant 

medium from the cell culture were subsequently measured by ELISA at indicated time points 

(Fig 3.3C). After 48 hours incubation, IgG concentrations in the medium from both the 

HeLa
FcRn+US11+gp34

 cells and HeLa
FcRn+US11+gp68

 cells were significantly decreased in 

comparison with that from HeLa
FcRn+US11

 cells (Fig 3.3 D), and the IgG decrease in in the 

medium from the HeLa
FcRn+US11+gp34

 showed equal level to that from HeLa
FcRn+US11+gp68

 cells 

(Fig 3.3 D). Thus, we conclude that both the gp34 and gp68 receptor can efficiently enhance 

the IgG degradation when FcRn function is blocked by the expression of HCMV protein 

US11. 
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Figure 3.3 HCMV gp34 and gp68 enhance IgG degradation when FcRn is blocked by 

US11 expression.  

HeLa
FcRn

 cells, HeLa
FcRn+gp34

 cells and HeLa
FcRn+gp68

 cells (10
6
/2 ml) respectively were grown 

in the complete medium with 5% FBS with ultra-low IgG, which were then supplemented 

with 50 µg/ml human IgG for 48 hours incubation. During this incubation, the supernant 

medium was sampled at 0, 12, 24, 36, 48 hr and the IgG concentration in each medium 

sample was mesured by ELISA (A). At 48 hr, the IgG concentration in the medium from the 

HeLa
FcRn

 cells, HeLa
FcRn+gp34

 cells and HeLa
FcRn+gp68

 cells were compared by t-test analysis 

(B). HeLa
FcRn+US11

 cells, HeLa
FcRn+US11+gp34

 cells and HeLa
FcRn+US11+gp68

 cells(10
6
/2 ml) were 

grown in the complete medium with 5% FBS with ultra-low IgG, which were then 

supplemented with 50 µg/ml human IgG for 48 hours incubation. During this incubation, the 

supernant medium was sampled at 0, 12, 24, 36, 48 hr and the IgG concentration in each 

medium sample was mesured by ELISA (C). At 48 hr, the IgG concentration in the medium 

from the HeLa
FcRn+US11

 cells, HeLa
FcRn+US11+gp34

 cells and HeLa
FcRn+US11+gp68

 cells were 

compared by t-test analysis (D). All the ELISA analyses were performed in triplicate. Ns 

denotes no statistical significance. Star denotes statistical significance. * P < 0.05. 
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Discussion 

HCMV has evolved strategies to evade the antibody immunity. One strategy is to 

express viral FcγRs that can bind IgG antibodies as efficiently as host FcγRs (223, 225). 

However, those viral FcγRs cannot activate immune response as their host counterparts, 

instead they can enhance the IgG degradation through the receptor-mediated endocytosis 

(277). The MHC-I related molecule, FcRn can efficiently bind IgG at acidic pH condition and 

mainly resides in early endosomes vesicle in most cell types (25, 26). In the acidified 

endosomes, FcRn can capture IgG internalized via pinocytosis or endocytosis and salvage 

IgG from lysosome degradation by recycling IgG back to cell surface (28, 56). In our study, 

we found that HCMV viral FcγR gp68 but not gp34 can facilitate IgG degradation in FcRn
+
 

cells (Fig 3. 3 A and B). However, when the FcRn function is blocked by viral protein US11, 

both gp34 and gp68 can significantly enhance the IgG degradation in FcRn
+
 cells (Fig 3. 3 C 

and D).  

 

HCMV gp34 has an endocytic motif in its cytoplasmic tail for endocytosis and gp68 

has been reported to deliver the IgG-IC complex into lysosome through receptor-mediated 

endocytosis (277). We verified the internalization of gp34 and gp68 into endosomes, as both 

of those receptors colocalized with FcRn which mainly resides in endosome vesciles (Fig 3. 

1). After IgG is uptaken by viral FcγRs into endosomes, the acidic pH environment may 

impairs the stability of IgG-vFcγRs complex and detaches IgG from those vFcγRs as it does 

to the host FcγRs (58). According to our data, gp34 showed impaired IgG binding capacity at 

acidic pH and  most of the IgG bound to gp34 was released at pH 6.0 (Fig 3. 2 A). In contrast, 

the IgG binding capacity for gp68 was very stable in acidic pH and gp68 can still efficiently 

bind IgG at pH 6.0 (Fig 3.2 B). Therefore, we speculate that IgG internalized by gp34 is 

released in acidified endosome and captured by FcRn which protects IgG from further 
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lysosome degradation. However, gp68 can bind IgG very tightly at acidified endosome 

environment and thus continually route the IgG to lysosome for degradation. Consistent with 

our hypothesis, gp34 did not significantly enhance IgG  degradation in FcRn
+
 cells while 

gp68 promoted the IgG degradation even in the presence of FcRn (Fig 3.3 A and B). 

 

 

Figure 3.4 Proposed role of HCMV FcγRs in IgG evasion in cooperation of HCMV 

FcRn-targeting viral proteins.  In uninfected cells, IgG that enters the endosome through 

pinocytosis will be captured by FcRn and recycled back to cell surface, precluding IgG 

degradation in lysosome. In HCMV-infected cells, when FcRn will be retained in ER and 

degraded by US11, both of the vFcγRs gp34 and gp68 can mediated the IgG internalization 

via receptor-mediated endocytosis and facilitate IgG degradation in lysosome. 

 

In the context of HCMV infection, the expression of viral protein US11 can interfere 

with FcRn trafficking into endosomes by retaining FcRn in the ER (Data shown in Chapter 2). 

After the expression of US11 in FcRn
+
 cells, both the viral FcγRs gp34 and gp68 can 

significantly enhance the IgG degradation (Fig 3.3C and D). As the IgG that is internalized 

and released into endosome by gp34 is not salvaged when FcRn is blocked by viral protein 
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US11, the free IgG in endosome is delivered into lysosome for degradation (28). In 

uninfected cells, IgG that enters the endosome through pinocytosis is captured by FcRn and 

recycled back to cell surface, precluding IgG degradation in lysosome (Fig 3.4 top). In 

HCMV-infected cells, the FcRn is retained in ER and degraded by US11 (Fig 3.4 bottom). 

Although both of vFcγRs gp34 and gp68 can mediate the IgG internalization via receptor-

mediated endocytosis, those two receptors utilize different pathway to facilitate IgG 

degradation (Fig 3.4 bottom). The vFcγRs gp34 releases the internalized IgG in the acidic pH 

condition in endosome vesicles, thus requiring the cooperation of viral protein US11 to block 

FcRn function to facilitate IgG lysosome degradation. In contrast, vFcγRs gp68 can 

efficiently bind IgG even in the acidified endosome environment and can directly deliver IgG 

into lysosome. Therefore gp68-mediated degradation of IgG does not rely on the inhibition of 

FcRn by US11 protein.  
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Chapter 4:  Conclusion and Perspective 

Human cytomegalovirus (HCMV) is widely spread across the world population (95). 

Although HCMV infection in immunocompetent individuals is generally asymptomatic, it 

poses a life-threatening risk in immunocompromised individuals (96), such as organ 

transplant recipients and HIV-infected patients. Moreover, due to its ability to transmit across 

placenta, HCMV causes congential infection in fetus and is believed to be the leading 

infectious cause of congenital abnormalities worldwide (97). So far, the major drugs for 

treating HCMV infection are too toxic for fetus and no HCMV vaccine appears to be 

approaching the clinical licensure (91, 92). The major reason for HCMV persistence in 

human population is that this virus has evolved sorphisticated strategies for evading immune 

system. It is known that HCMV encodes multiple proteins to interfere with classical and non-

classical MHC-I molecules, thus impairing the CD8
+
 T and NK cells-mediated cellular 

immunity (155). Moreover, HCMV also expresses several viral FcγRs to counteract with the 

host FcγRs and inhibit the effects of antibody mediated-immunity (226). 

 

FcRn is a non-classical MHC-I molecule and can efficiently bind IgG at acidic pH 

condition (pH<6.5) (26). In the majority of cell types, FcRn mainly resides in early 

endosomes, where the acidic pH environment allows FcRn to capture IgG internalized by 

pinocytosis or endocytosis (28) and recycle IgG to the cell surface. By this way, FcRn can 

transport IgG across the mucosal barriers and confers IgG a longer half-life in circulation by 

the salvage of endocytosed IgG from lysosome degradation. Overall, FcRn plays an 

important role in antibody-mediated immunity. 

 

In this study (Chapter 2), we discovered that HCMV protein US11 can specifically 

interact with FcRn in both virally-infected and US11-expressing cells. US11 selectively 
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inhibits the assembly of FcRn with β2m subunit and retains FcRn in the ER, consequently 

blocking FcRn intracellular sorting to the endosome. Furthermore, US11 recruits Derlin-1, a 

transmembrane dislocon, as well as TMEM129, an ER-resident E3 ubiquitin ligase, to form a 

complex with FcRn. This initiats the dislocation of FcRn from the ER to the cytosol and 

facilitates its degradation in an ubiquitination and proteasome-dependent manner. The 

interaction between FcRn cytosolic tail and Derlin-1 was shown to be necessary for US11-

mediated degradation of FcRn. Because FcRn is widely expressed in the same cell types 

capable of supporting HCMV infection, including epithelial, endothelial, macrophage and 

dendritic cells, we found that either HCMV infection or recombinant US11 expression in 

these cells inhibited pH-dependent IgG-FcRn binding. Importantly, this significantly inhibits 

human IgG transcytosis across polarized human intestinal epithelial cells Caco-2 and placenta 

trophoblast cells BeWo monolayerlining, leading to considerable IgG degradation inside 

vascular endothelial cells HMEC-1. Hence, our results reveal that HCMV infection exploits a 

Derlin-1/TMEM129 pathway through US11 to disable FcRn. Because FcRn is vital to IgG 

transport and homeostasis, these results proposes a new mechanism for viral evasion against 

antibody immunity via the interference with the expression and trafficking of FcRn molecule 

and will have a broad impact on the development of new therapies or vaccines against 

HCMV. 

 

Nevertheless, several interesting questions still remain to be solved. Firstly, apart 

from US11, are there any other HCMV proteins targeting FcRn?  HCMV encodes redundant 

proteins to target and interfere with the classical and non-classical MHC-I molecules. 

Specifically, HCMV utilizes several viral proteins, such as US2 (161), US3 (158), US6 (186) 

and US11 (174) to interfere with the expression, assembly and trafficking of MHC-I, and also 

employs viral proteins UL16 (205), UL142 (212), US18, US20 (214) and even microRNA 

(miR)-UL112 (213) to downregulate the expression of non-classical MHC-I molecules, 
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NKG2D ligands (155).  Therefore, it is reasonable to speculate that HCMV may also utilize 

more than one protein to inhibit FcRn function. To solve this question, mass spectrometry 

analysis is needed to compare the proteins precipitated by FcRn from HCMV-infected and 

Mock-infected cells. To test the potential involvement of microRNAs in FcRn 

downregulation, FcRn mRNA levels in the expression of all 30 HCMV microRNA species 

(278) should be monitored. Secondly, although our data showed the ER luminal domain of 

US11 interacts with the extracellular domain of FcRn, the key amino acid residues that 

mediate their interaction remain unknown. Surprisingly, the exactly residues for the US11 

binding to the classical MHC-I is still not identified (175,176), despite the fact that the 

interaction of US11 with MHC-I has been discovered for decades. Are the amino acid 

residues for US11 binding to MHC-I different from those binding to FcRn? Therefore, it is 

interesting to explore the US11-binding sites for both the MHC-I and FcRn molecules 

probably through site-directed mutagenisis. Thirdly, the deletion of FcRn tail significantly 

impairs the interaction of FcRn with derlin-1 in the presence of US11, suggesting that the 

cytoplasmic tail is the site for FcRn to engage derlin-1. However, the sites in the Derlin-1 

molecule involved in the enagement of FcRn cytoplamic tail is not determined, as Derlin-1 is 

a multi-transmembrane protein that has two cytoplamic tails at the C-terminus and the N-

terminus. Mutegenisis at the C-terminal or N-terminal sequence of Derlin-1 will provide 

answer for this question. Fourthly, since ubiquitination is a key step for US11-mediated FcRn 

and degradation by proteasome, the ubiquitin acceptor sites for FcRn needs further 

identification. The cytoplasmic tail of FcRn is the putative site targeted by the E3 ligase 

TMEM129, as the catalytic ring domain of TMEM129 is in the ER cytosol side (183,184). 

There is only one lysine residue in FcRn cytoplasmic tail, however, nonlysine residues, 

including serine/threonine and cysteine are also potential sites for ubiquitination, as reported 

in MHC-I ubiquitination (182). Thus, those nonlysine residues should also been considered in 

the screening for ubiquitination sites of FcRn. 
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Recently, there are numerous attempts to interfere with FcRn function so as to 

modulate the self-specific IgG level for the treatment of autoimmune diseases, such as  

myasthenia gravis, rheumatoid arthritis and systemic lupus, since FcRn can prolong the half-

life of IgG in circulation (85, 86). HCMV protein US11 is the only currently known viral 

protein that can negatively regulate FcRn by ER retaining and proteosome degradation. 

Therefore, along with the development and maturation of gene therapy technologies, the 

delivery and expression of US11 in the autoimmuned individuals will provide a novel 

strategy for the treatment of autoimmune diseases. 

 

In the second study (Chapter 3), we discovered that HCMV viral FcγRs gp34 

cooperates with FcRn-targeting protein US11 to facilitate the IgG degradation, whereas gp68 

along can significantly promote IgG degradation. We found that in acidic pH (6.0) condition, 

the IgG binding capacity of gp34 was largely impaired while the IgG binding capacity of 

gp68 was not affected. Consequently, in the expression of FcRn, gp34 did not enhance IgG 

degradation whereas gp68 significantly promoted the IgG degradation. Furthermore, when 

the FcRn function was interfered by another HCMV viral protein US11, both gp34 and gp68 

enhanced IgG degradation in in FcRn
+
 cells. Several questions remain to be solved. First, the 

the intracellular trafficking pathway for IgG internalized by gp34 or gp68 is not elucidated. 

Does IgG really detach from gp34 and salvaged in the presence of FcRn in early endosome? 

Does the gp68 stably bind IgG through the endocytic pathway following the sequence from 

early endosome to late endosome and finally into the lysosome? The survey of the 

colocalization rate of IgG with endosome or lysosome markers will provide a clearer view on 

the routing pathway of IgG internalized by those two vFcγRs. Secondly, although the gp34 

cytoplamic tail has an endocytic motif DxxxLL (223),  gp68 does not contain any canonic 

sequence for endocytosis in its cytoplasmic tail, such as tyrosine-based NPXY or YXXφ 
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motifs (66) or dileucine-based [DE]XXXL[LI] or DXXLL motifs (68). HCMV gp68 may 

employ a novel endocytic pathway, which needs further investigation. Thirdly, recently 

HCMV RL13 and RL12 have been identified as new vFcγRs, which contribute to HCMV 

antibody evasion (227). It is interesting to investigate whether RL13 and RL12 can enhance 

IgG degradation in the absence or presence of FcRn. 
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