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A B S T R A C T   

There is an urgent need to identify new cellular targets to expand the repertoire, potency and safety of cancer 
therapeutics. Neonatal Fc Receptor (FcRn)-driven cellular recycling plays a predominant role in the prolonged 
serum half-life of human serum albumin (HSA) and immunoglobulin G (IgG) exploited in long-acting cancer drug 
designs. FcRn-mediated HSA and IgG uptake in epithelial cells and dendritic cell antigen presentation offers new 
therapeutic opportunities beyond half-life extension. Altered FcRn expression in solid tumours accounting for 
HSA catabolism or recycling supports a role for FcRn in tumour metabolism and growth. This review addresses 
the mechanistic basis for different FcRn expression profiles observed in cancer and exploitation for targeted drug 
delivery. Furthermore, the review highlights FcRn-mediated immunosurveillance and immune therapy. FcRn 
offers a potential attractive cancer target but in-depth understanding of role and expression profiles during 
cancer pathogenesis is required for tailoring targeted drug designs.   

1. Introduction 

Cancer remains one of the leading causes of death worldwide [1]. A 
paradigm shift in cancer therapy is precision medicines that aim to 
maximise selective cancer targeting and concomitant reduced off-target 
toxicity [2,3]. Targeted therapy has made promising advances over 
recent years, but tumour heterogeneity, cellular mutagenesis and drug 
resistance are remaining challenges [4]. Moreover, a limited panel of 
receptors and ligand targets involved in tumour growth and/or pro
gression has been the focus of targeted therapeutic intervention. The 
identification of novel targets to expand the repertoire of cancer thera
peutics is needed. Dysregulation of Neonatal Fc Receptor (FcRn) cellular 
recycling may account for enhanced intracellular albumin uptake 
associated with metabolic reprogramming of cancers [5,6], supporting 
involvement of FcRn in tumour growth. This review focusses on FcRn 
and its relatively underexplored role in tumour progression that may 
offer targeted anti-tumour approaches dependent on FcRn expression 
levels. 

1.1. The Neonatal Fc Receptor 

The Neonatal Fc Receptor was first shown to facilitate transport of 
maternal immunoglobulin G (IgG) to pre- and neonatal mammals [7]. 
Thereafter, it has been found in a variety of adult tissues and cell types 
[8] and to be involved in the maintenance of serum IgG and albumin 

levels [9,10]. The FCGRT gene encodes the type I glycoprotein with a 
heavy chain consisting of three extracellular domains (α1, α2, and α3), a 
transmembrane region and a cytoplasmic tail that associates non- 
covalently with the extracellular β2-microglobulin light chain [9,11]. 
The FcRn is an atypical Fcγ-receptor, structurally related to MHC class I 
molecules [12], but with the peptide binding groove occluded FcRn 
lacks peptide binding properties [13]. Oganesyan et al., first reported 
the 3D structures of human FcRn bound to the human Fc region of IgG 
and human serum albumin (HSA) alone, or concurrently to both ligands 
binding non-overlapping sites on the FcRn heavy chain [14] (Fig. 1). 
Histidine residue 310 on FcRn becomes protonated at pH ~ 6 that plays 
a direct role in the pH-dependent binding of Fc regions, while the loss of 
histidine protonation upon an increase in pH releases IgG from FcRn 
[15]. In a similar manner, HSA binding relies on protonation resulting in 
charge-stabilized hydrogen bonds formed in the crucial histidine residue 
116 that constrains the position of the heavy chain loop, leading to a pH 
dependent hydrophobic interaction between HSA and FcRn [14,16]. 

1.2. FcRn-mediated cellular transport of IgG and albumin 

HSA is the most abundant plasma protein serving as a natural 
transport protein for endogenous ligands such as bilirubin and fatty 
acids facilitated by its multiple ligand-binding sites [17,18]. Whilst, IgG 
is the most common antibody type accounting for ~10–20% of plasma 
proteins [19]. FcRn expressed in the vascular endothelium maintains 
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serum IgG and HSA levels through a cellular recycling endosomal sort
ing mechanism that diverts the ligand from lysosomal degradation 
[10,20]. HSA and IgG are internalised by pinocytosis and subsequently 
bind to FcRn in the acidic endosomal compartment, recycled to the cell 
surface and dissociate at a physiological pH. This results in a prolonged 
serum half-life for HSA of ~19 days [21] and IgG of ~21 days, depen
dent on IgG isotype [22]. 

FcRn is also involved in the bidirectional transcytosis of IgG and HSA 
across polarised cellular barriers. Epithelial FcRn expression has been 
reported in the intestine [23], placenta [24], respiratory tract upper 
airway [25] and genitourinary system [26,27]. The prominent role of 
IgG in mucosal humoral responses suggest IgG gains access to the lumen 
by FcRn-mediated transcytosis. Indeed, FcRn-driven bidirectional 
transcytosis transport of IgG-bacterial antigen immune complexes across 
the mucosal epithelial barrier was necessary for CD4+ T-cell-mediated 
mucosal immunity in mice [28]. Evidence for FcRn-mediated albumin 
transcytosis is more recently established [29,30]. In hepatocytes, FcRn 
was shown to regulate albumin recycling and transport in polarised 
hepatocytes and enhance liver sensitivity to albumin-bound hep
atotoxins in vitro. Blocking the FcRn-mediated trafficking of albumin- 

bound hepatotoxins was shown to be prevent liver damage [29]. In 
addition, FcRn-mediated transcytosis enables HSA recycling within the 
kidney tubular system, thereby, preventing HSA excretion [30]. 

2. FcRn-driven half-life extension of cancer therapeutics 

2.1. Albumin-based cancer therapeutics 

The basis for albumin-based cancer therapeutics is supported by the 
demonstration of passive albumin entry into solid tumours by the 
enhanced permeability and retention (EPR) effect first described in mice 
by Matsumura and Maeda in 1986 [31]. Half-life extension mediated by 
FcRn engagement likely increases the passive tumour accumulation 
process of both endogenous HSA binding drugs and HSA drug conju
gates. Cytotoxic drugs modified with a maleimide side chain have been 
designed to bind to the endogenous HSA pool for enhanced tumour 
accumulation. This is exemplified with Aldoxorubicin assessed in clin
ical trials [32], a thiol-reactive doxorubicin prodrug that binds to the 
free thiol on HSA and is released at the prostate tumour target site by a 
prostate-specific protease cleavable bond [33]. Another example is an 

Fig. 1. Human FcRn interaction with ligands IgG and albumin. a) Crystal structure of FcRn composed of the three extracellular domains (α1, α2, and α3, depicted in 
orange) in the heavy chain and the extracellular β2-microglobulin (β2m) light chain (depicted in yellow). b) FcRn binding interaction with albumin (depicted in red), 
viewed at different angles to show the full binding interface. Albumin residues important for FcRn binding are depicted in green. c) FcRn binding interaction with IgG 
(depicted in blue). IgG residues important for FcRn binding are depicted in green. d) FcRn interaction with both ligands binding on opposite faces of the heavy chain. 
Illustration was made using PyMol software, reference 4N0U and 1HZH. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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enzyme responsive albumin-binding prodrug based on endogenous al
bumin binding and subsequent β-glucuronidase-activated drug release 
in the tumour microenvironment (TME) [34]. The enzyme-responsive 
albumin-binding prodrug was less toxic than the free drug in mice 
with orthotopic mammary and pancreatic tumours [35]. Tasquinimod is 
a small molecule inhibitor interfering with tumour angiogenesis and 
establishment of the TME, whose effects were potentiated through 
reversible binding to HSA and consequent enhanced tumour uptake 
[36]. Tasquinimod has shown to display a high affinity binding to his
tone deacetylase 4 (HDAC4) overexpressed on prostate cancer cells [36] 
and to S100A9 expressed by regulatory myeloid cells [37]. Tasquinimod 
has been shown to double the median progression-free survival of pa
tients with metastatic, castrate resistant prostate cancer in randomized 
prospective clinical trials [38,39]. The albumin/drug associate Abrax
ane®, an albumin formulation containing paclitaxel is approved for 
treatment of advanced non-small cell lung cancer, and metastatic 
pancreatic and breast cancer [40–42]. Active Gp60 and SPARC- 
mediated cellular uptake is the proposed targeting mechanism, howev
er, FcRn-driven albumin half-life extension likely contributes to drug 
efficacy. 

2.2. Antibody-based cancer therapeutics 

Full size monoclonal antibodies (mAbs) that engage with FcRn and 
cancer cell receptors offer long-acting targeted therapy [43]. Currently, 
cetuximab, panitumumab, nimotuzumab, and necitumumab are the four 
major epidermal growth factor receptor (EGFR) mAbs used in the clinic 
[44]. Antibody-drug conjugates combining the specificity of mAbs with 
a cytotoxic drug offer increased potency [45]. Ado-trastuzumab 
emtansine is an antibody-drug conjugate approved for the treatment 
of advanced breast cancer. It comprises of the full size HER2 mAb 
trastuzumab conjugated to the maytansinoid DM1 through a non- 
reducible thioether linkage [46]. MAb-dependent effector cell activa
tion relies on Fc binding to the Fc-gamma Receptor (FcγR) resulting in 
antibody-dependent cellular phagocytosis and antibody-dependent cell- 
mediated cytotoxicity [19]. Complement-dependent cytotoxicity is 
another mechanism by which mAbs can exert their function [19]. 
Conversely, possible adverse effects can result from excess cytokine 
release due to Fc interaction with FcγR ubiquitously expressed on im
mune cells [47] or classical complement system activation upon inter
action with the C1q component [48]. The Fc-engagement of mAbs in 
cancer therapeutics might not be a major concern since the utilisation of 
Fc-engagement, in particular Fc multimerization of proteins, has shown 
to be promising in anti-tumour therapeutics [49,50]. MAbs targeting 
antigens overexpressed in tumours such as EGFR, however, can mediate 
on-target off-tumour immune effects in healthy tissues that express basal 
EGFR levels that might aggravate Fc-mediated cytokine release. Anti
bodies engineered without the Fc component is a method to circumvent 
this, however, with the caveat of reduced circulatory half-life due to loss 
of FcRn-mediated recycling [51]. High and frequent dosing is, therefore, 
required, exemplified with the immunotherapy blinatumomab requiring 
continual infusion per 28-day treatment cycle [52]. Efforts have focused 
on silencing Fc regions to reduce adverse immune activation whilst 
retaining FcRn-mediated half-life extension [53]. It is a challenge, 
however, to develop truly ‘silent’ IgG variants lacking FcγR binding and 
the number of mutations needed to achieve this can further affect sta
bility and immunogenicity of the altered Fc regions [54]. Therapeutic 
antibodies generated with increased affinity for FcRn have shown to 
substantially increase circulatory half-life in transgenic mice and cyn
omolgus monkeys with improved anti-tumour efficacy [55,56]. Hitherto, 
ravulizumab is the single approved therapeutic antibody with modified 
FcRn affinity, used for treatment of paroxysmal nocturnal haemoglobi
nuria and atypical haemolytic uremic syndrome [57]. 

3. FcRn-mediated immunosurveillance and anti-tumour 
immunity 

The expression of FcRn has been identified in professional antigen 
presenting cells (APCs) such as macrophages to maintain serum albumin 
and IgG levels [58,59]. Mice harbouring FcRn-deficient macrophages, 
unable to recycle IgG, show abnormally low serum IgG levels as result of 
IgG hypercatabolism. Conversely, depletion of the FcRn-deficient 
macrophage population rescued IgG serum levels [59,60]. The 
extended half-life of IgG is favourable for antibody-based therapies, but 
causes detrimental effects in IgG-mediated autoimmune disorders such 
as myasthenia gravis, rheumatoid arthritis or pemphigus vulgaris. FcRn- 
IgG interactions have been targeted to prevent circulating pathogenic 
IgGs using FcRn blockers with an engineered Fc region to bind FcRn with 
higher affinity and reduced pH dependence [61]. FcRn blockers 
currently being evaluated in clinicals trials include orilanolimab [62], 
efgartigimod [63] and nipocalimab [64]. Another role of FcRn expres
sion in APCs is FcRn-mediated recognition of pathogens and antigen 
presentation to T-cells needed for subsequent activation of immune re
sponses [65]. FcRn enhances MHC class II and MHC class I cross- 
presentation of antigen-antibody complexes by dendritic cells (DC). 
Decreased MHC class II antigen presentation in vitro occurred in FcRn- 
deficient DCs, or in healthy DCs that cannot interact with IgGs due to 
site-directed FcRn binding site mutagenesis [66]. The importance of 
FcRn function in DC-mediated adaptive immune responses was further 
confirmed in vivo, as antigen presentation to CD4+ T-cells was markedly 
blunted in FcRn-deficient DC mice [66]. Similarly, FcRn plays a role in 
the antigen cross-presentation of DC to CD8+ T-cells [67]. Extracellular 
antigens normally internalised, processed and presented by MHC class II 
to CD4+ T-cells, can be internalised into specialised vacuoles and loaded 
onto MHC class I molecules for processing and presentation by the 
process of cross-presentation. Recent work showed FcRn traps IgG 
immunocomplex-antigens (IgG-IC) in an atypical acidic loading 
compartment and protects it from lysosomal degradation, enabling 
peptide processing and cross-presentation in a subset of DCs (CD8-, 
CD11b + cells) [67]. The involvement of FcRn in the uptake of antigens 
trapped in the IgG-IC and subsequent cross-presentation of processed 
antigen peptides was further validated in vivo. Mice containing FcRn- 
deficient DCs showed inadequate cross-priming of CD8+ T-cells that 
resulted in hampered CD8+ T-cell induction [67]. Another study has 
shown that FcRn can induce adaptive immune responses to IgG-IC, and 
FcRn blockage could decrease IC-mediated inflammation in autoim
mune diseases without affecting IgG clearance [68]. 

Tumour-associated immunity typically involves IgG responses [69] 
and recent work suggests an important role of FcRn in anti-tumour 
immunity [70,71]. Mice with an abnormal copy of the adenomatous 
polyposis coli (APC) gene ApcMin/+ that spontaneously develop large 
numbers of small intestine adenomas, were shown to develop a signifi
cantly increased number of large intestinal tumours when crossed with 
Fcgrt− /− mice [70]. Furthermore, Fcgrt− /− mice were more susceptible to 
the development of sporadic colorectal cancers [70] or lung cancer 
metastasis [71] due to decreased numbers of infiltrating DCs, CD8+ T- 
cells and NK cells in the TME. Moreover, NK cells had an immature 
phenotype suggesting that FcRn-deficiency restricts NK cell maturation. 
Adoptive transfer experiments of primed DCs with or without functional 
FcRn were performed to validate that FcRn-mediated tumour protection 
was dependent on activated CD8+ T-cells by DC cross-priming. DCs 
lacking FcRn were unable to provide the necessary cytokine environ
ment needed to promote CD8+ T-cell activation in vivo [70]. These re
sults suggest that FcRn could be involved in early stage anti-tumour 
immunosurveillance for immune detection of tumour development and 
cross-priming of CD8+ T-cells needed for an anti-tumour immune 
response (Fig. 2). Interestingly, FcRn-expressing DCs are shown to 
localise in human colorectal tissue cancers and correlate with CD8+ T- 
cell tumour infiltration, while signs of CD8+ T-cell-mediated immune 
responses in colorectal cancer patients are associated with better 
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prognosis [72]. Targeting FcRn-expressing DCs to mediate anti-tumour 
immunosurveillance and immunity was explored by Baker et al. [70]. 
IgG antibodies with tunable FcRn affinities loaded on FcRn-expressing 
DCs could tailor CD8+ T-cell immune responses against a defined 
tumour antigen that offers potential for the development of more potent 
anti-tumour immunotherapies. 

4. Therapeutic exploitation of FcRn expression levels in cancer 

4.1. FcRn expression and catabolism in cancer growth 

Metabolic changes are characteristics of cancerous tissues and the 
regulation of energy metabolism is today considered a hallmark in the 
establishment of cancer [73]. The phenomenon by which cancer cells 
preferentially utilise glucose by aerobic glycolysis to increase cell 
growth known as the Warburg effect was first described by Otto War
burg almost a century ago [74]. Since then, our understanding of the 
reprogrammed metabolic network in cancer cells has rapidly expanded 
[75]. Glucose and glutamine are two major nutrient sources utilised to 
sustain tumour growth and progression used for glycolysis and the 
tricarboxylic acid cycle, respectively [76]. In addition to a primary 
protein source, amino acids can function as metabolites to activate 
important pathways such as mammalian target of rapamycin complex 1 
(mTORC1), autophagy or as neurotransmitters [77]. Other alternative 
nutrient sources for ATP acquisition and biomass synthesis during 
tumour growth are lactate [78], acetate [79], ketone bodies [80], 
ammonia [81] and exogenous proteins [82]. The deregulated meta
bolism driving cancer biology is reflected in the altered homeostatic 
control of energy balance in cancer patients [83]. Approximately half of 
all cancer patients exhibit cachexia, characterized by extreme weight 
loss and muscle wasting [84]. Pro-cachectic cytokines have shown to 
play a critical role in cancer development [85] and anti-cytokine treat
ment is being investigated as a therapy in cancer patients exhibiting 
cachexia [86]. Cancer cachexia is further characterized by 

hypoalbuminemia even though HSA synthesis rates remain mostly un
affected [87] or mildly increase [88], that supports HSA accumulation 
and catabolism in solid tumours. Direct evidence for HSA catabolism as 
an underlying cause for hypoalbuminemia was provided from an elegant 
study by Davidson et al. to track the breakdown products of labelled 
albumin in mice exhibiting spontaneous KRAS-mutated pancreatic 
ductal adenocarcinoma (PDAC) [6]. Higher concentrations of labelled 
albumin peptides detected in tumour-derived tissue compared to 
disease-free pancreas tissue, suggests albumin consumption may serve 
as an important source of amino acids to fuel high metabolic re
quirements. The oncogenic RAS mutations frequently occur in human 
tumours of which KRAS is the predominant mutated isoform in PDAC 
[89] that drives the initiation, development and maintenance of tumour 
growth in PDAC patients [90]. Macropinocytosis was the mechanism 
attributed to HSA uptake and degradation in KRAS mutated cells to 
enable transport extracellular proteins into the cell [5,91]. HSA is nor
mally protected from lysosomal degradation through FcRn-mediated 
endosomal cellular recycling [20] but Liu et al. proposed down
regulation of FcRn in KRAS mutated tumours leading to reduced HSA 
recycling and increased lysosomal degradation [91]. In a different study, 
FcRn expression in a majority of human tumour cell lines expressing 
wild type RAS tested showed low or undetectable levels [92]. FcRn 
knockdown in tumour cell lines with detectable FcRn expression resul
ted in increased intracellular HSA levels, conversely, increased FcRn 
levels exhibited lower intracellular HSA levels. The authors evaluated 
the effect of FcRn expression on tumour growth of implanted breast and 
prostate cancer cells following FcRn knockdown or overexpression in 
mice. Tumour growth rates increased in mice xenografts lacking FcRn 
expression, compared to corresponding xenografts expressing FcRn. 
Decreased serum albumin levels were detected in mice implanted with 
tumours lacking FcRn expression, compared to mice implanted with 
FcRn-expressing tumour cells that supports elevated albumin con
sumption to stimulate tumour growth [92]. 

In another study, high-throughput gene profiling of human breast 

Fig. 2. FcRn-mediated immunosurveillance priming effective anti-tumour immunity. FcRn expressing dendritic cells take up tumour antigen-IgG immune complexes 
upon binding FcγR (1). The immune complexes dissociate from FcγR and bind FcRn (2). The immune complexes are then shuttled into the antigen processing 
pathways and the peptides loaded on MHC molecules (3) to prime CD8+ T-cells for an anti-tumour immune response (4). Concept proposed by Baker et al. [70]. 
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cancer biopsies found downregulation of the FCGRT gene in progressive 
breast carcinomas and, hence, FCGRT was proposed as a potential 
prognostic biomarker for breast cancer treatment [93]. It was, however, 
not specified whether FCGRT downregulation was found in the breast 
cancer cells or the infiltrating immune cells. The altered FCGRT 
expression, therefore, might reflect the reduced anti-tumour immuno
surveillance functions of FcRn rather than tumour epithelial expression 
effects in this cohort of cancer patients, as FcRn downregulation in 
tumour infiltrating immune cells has been shown to impair anti-tumour 
immune responses [70]. Decreased FcRn mRNA and protein levels were 
also found in hepatocellular carcinoma biopsies [94] and non-small cell 
lung carcinoma biopsies [95] and were associated with poor cancer 
prognosis. 

4.2. Therapeutic exploitation of FcRn downregulation 

An increase in HSA accumulation as result of decreased FcRn 
expression could be utilised for delivery of cytotoxic drug cargos to 
cancer cells requiring high metabolic intake. Cytotoxic drugs conjugated 
to HSA could be preferentially taken up by macropinocytosis and traf
ficked to lysosomes in RAS-transformed cancer cells and released 
following HSA breakdown (Fig. 3). This approach was explored with a 
HSA-doxorubicin (DOX) conjugate against PDAC in a study by Liu et al. 
[91]. FcRn expression levels were first determined in human pancreatic 
cancer cell lines with or without the oncogenic KRAS mutation. KRAS- 
mutated cell lines exhibited very low FcRn protein expression, 
compared to the wild-type RAS-expressing cell line or a non-cancerous 
cell line control. Modulation of FcRn expression in PDAC cell lines by 
FcRn-specific siRNA suppressed recycling of the albumin-conjugated 
drug and increased degradation in vitro. Significantly, FcRn-reduced 
recycling and concomitant increased HSA catabolism made PDAC cells 
more susceptible to albumin-conjugated drugs, but not to free drug. 
PDAC xenografts with or without KRAS mutation and different FcRn 
levels were implanted subcutaneously in mice to confirm preferential 
uptake of albumin-conjugated drugs by PDAC cells in vivo. Tumour 
growth was significantly inhibited in mice bearing KRAS mutated low 
FcRn-expressing tumours by albumin-conjugated drugs proposed as a 
consequence of reduced recycling and enhanced macropinocytosis. 

In different work by Wang et al., a bifunctional delivery system was 
used to exploit enhanced macropinocytosis and susceptibility of PDAC 
to albumin-conjugated drugs [96]. The bifunctional recombinant pro
tein, termed Fv-LDP-D3, was comprised of the following; an anti-EGFR 
antibody fragment (Fv), HSA domain III (D3), and the enediyne- 
associated anti-tumour antibiotic compound apoprotein lidamycin 
(LDP). The assembled recombinant protein could be further enhanced 

with an enediyne chromophore derived cytotoxic compound (AE). 
PDAC cell viability was inhibited by the recombinant proteins Fv-LDP 
and Fv-LDP-D3, regardless if KRAS-mutated or wild type RAS. It was 
concluded that the inhibition of cell proliferation was predominantly 
mediated by EGFR signalling inhibition, although the exact mechanism 
responsible for the susceptibility of PDAC to albumin-conjugated anti- 
cancer drugs was not reported. The therapeutic efficacy of recombinant 
proteins Fv-LDP, Fv-LDP-D3 and Fv-LDP-D3-AE was evaluated in mice 
subcutaneously implanted with KRAS-mutated PDAC xenografts. Sig
nificant smaller tumour volumes were observed in mice treated with 
recombinant protein Fv-LDP (58% reduction), Fv-LDP-D3 (81% reduc
tion) and Fv-LDP-D3-AE (81% reduction). No direct evidence, however, 
was given to confirm the mechanism proposed by Wang et al. or if FcRn 
expression was low and influenced protein uptake and PDAC suscepti
bility to albumin-conjugated drugs. 

It could be relevant to use HSA engineered with different FcRn af
finities [97] to further elucidate the role of FcRn in the susceptibility of 
PDAC cells to internalise albumin-drug conjugates. Increased cancer cell 
uptake of albumin-drugs may compromise the effect of drugs dependent 
on extracellular target engagement. The mAb, bevacizumab, binds 
growth factor VEGF-A to block VEGFR activation and signalling in 
tumour cells. Work has shown that glioblastoma cells become resistant 
to the anti-angiogenic mAb, bevacizumab, through macropinocytotic 
uptake and subsequent trafficking to the lysosome [98]. 

4.3. FcRn expression and anabolism in cancer growth 

The metabolic demands of cancer cells are high due to an increased 
proliferation rate [99]. Numerous studies have attributed HSA accu
mulation in cancer cells [31,92,100] as a nutrient resource [6,101,102]. 
Mechanisms that prevent nutritional consumption of extracellular pro
teins, however, have been described [103]. The kinase mTORC1 is a 
protein complex that coordinates cellular nutrient levels and when 
required, stimulate anabolic metabolism and growth. Even in KRAS 
mutated cells, mTORC1 suppresses degradation of the internalised 
proteins in vitro [103]. The authors showed inhibition of mTORC1 led to 
elevated lysosomal catabolism of extracellular proteins and promotes 
KRAS mutated cell proliferation in poorly vascularized tumour regions 
in mice. This suggests that extracellular protein catabolism is not trig
gered if nutrient demands of either healthy or malignant cells are met 
and this is influenced by the state of disease progression. It could be 
speculated that conservation of serum HSA levels is beneficial in 
maintaining HSA-mediated transport of ligand cargos such as fatty acids 
used in cell growth. FcRn on the vascular endothelial cell membrane is 
involved in tissue uptake of HSA bound fatty acids [104]. Following 

Fig. 3. Therapeutic exploitation of FcRn downregulation in cancer. Enhanced macropinocytosis due to FcRn downregulation increases the susceptibility of KRAS 
mutated cancer cells to antibody-drug conjugates or albumin-drug designs (top). Wild type RAS cells expressing FcRn recycle antibody-drug conjugates or albumin- 
drug designs (bottom). 
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HSA-fatty acid complex entry across the apical vascular membrane, the 
complex dissociates and the fatty acid interacts with the lipid bilayer 
membrane, then translocates into the cytosol to be used for energy 
production [105]. Intracellular fatty acids bind to fatty acid binding 
proteins, forming acyl-CoA, used for the acylation of diacylglycerol, 
protein and signal transduction. Furthermore, acyl-CoA is a fuel for the 
citric acid cycle upon β-oxidation in mitochondria [106]. It is feasible 
that HSA-mediated delivery of nutrient cargos such as fatty acids to the 
TME [102] could be driven by FcRn upregulation. The presence of FcRn 
in various histologic types of human breast carcinoma and lymph node 
metastases [107] and colorectal and breast cancer cell lines commonly 
used in xenograft studies [108] promotes a role of maintained FcRn 
expression in tumour progression. 

Recent work from our laboratory [109] supports a role of FcRn 
expression in cancer. An extensive human biopsy immunohistochemical 
screen (N = 310) revealed significant FcRn upregulation in eight 
different cancer types. Lower metabolic rates was observed in the human 
colorectal cancer cell line HT-29 when FcRn expression was ablated by 
CRISPR/Cas9 gene editing. Reduced tumour size of HT-29 FcRn knock 
out (HT-29 hFcRn KO) cell xenografts in mice compared to wild type HT- 
29 (HT-29 WT) cell xenografts suggests a supportive role of FcRn in 
tumour growth. A panel of fluorescently labelled recombinant HSA 
engineered with different FcRn binding affinities (null-binder: NB, wild- 
type: WT and high-binder: HB) were used as a tool-set to investigate 
FcRn-driven cellular recycling and tumour accumulation. The amount of 
in vitro recycling correlated with FcRn binding affinities; HB albumin 
exhibiting more than a two-fold increase in recycling compared to WT 
albumin and NB albumin in HT-29 WT cells. Loss of FcRn expression in 
HT-29 hFcRn KO cells resulted in impeded albumin recycling for all HSA 
variants, which supports an FcRn-dependent albumin recycling process 
exists in cancer epithelial cells. The circulatory half-life of the fluo
rescently labelled recombinant HSA variants was determined in HT-29 
WT tumour-bearing mice and confirmed a concomitant increase in 
half-life with increase in FcRn binding affinity. The co-localization of the 
fluorescent-labelled HSA variants in bioluminescent cancer xenografts 
in mice, greater with HB albumin, supports a role of FcRn in albumin 
recruitment, however, evidence of concomitant delivery of nutrient 
cargos was not investigated in this work. Nutrient cargo release during 
HSA cellular recycling is expected to be dependent on the cellular 
transport mechanisms of the particular nutrient. For example, fatty acids 
can bind membrane proteins or diffuse through the extracellular mem
brane [110,111], which could permit release from albumin prior to FcRn 

engagement within endosomes. 

4.4. Therapeutic exploitation of FcRn upregulation 

There is evidence for FcRn-driven transcytosis across polarised 
epithelium exploited in mucosal drug delivery [112,113]. In the work of 
Pridgen et al. [113] FcRn-mediated transcytosis was exploited for the 
oral delivery of insulin using Fc-modified polymeric nanoparticles. In a 
study by Bern et al. pulmonary uptake of coagulation factor VII HSA 
fusion was shown after intranasal delivery in human FcRn transgenic 
mice lacking endogenous albumin [114]. Targeting FcRn at epithelial 
barriers is seemingly a viable strategy for treatment of mucosal tumours 
or transmucosal delivery to systemic sites. FcRn-driven cellular recy
cling in non-polarised cells, however, could be exploited for targeted 
cancer therapy (Fig. 4). Release of drug payload prior or during an FcRn- 
driven endosomal recycling sorting process is a requirement for this 
approach. For covalent drug conjugates, this may necessitate stimuli- 
responsive spacers for intracellular delivery [115] or triggered release 
by tumour-associated factors such as peptides or enzymes in the TME 
employed by antibody-drug conjugates [45]. Extracellular acting drugs 
circumvent this requirement and simplifies the design criteria. Extra
cellular bispecific T-cell engagers have emerged as a potent weapon 
against cancer by redirecting T-cells against tumour-associated antigens. 
Bispecific antibodies are engineered without the Fc component to 
circumvent Fcγ or C1q-mediated immune overstimulation [116,117] at 
the expense of loss of FcRn-driven half-life extension. Recombinant HSA 
variants engineered with different FcRn binding affinities offer tunable 
half-life extension without off-target immune stimulation. Work from 
our laboratory has demonstrated the programmable in vivo half-life and 
anti-tumour effects of bispecific T-cell engager-albumin fusions [118]. 
The bispecific T-cell engager antibody termed light T-cell engager (LiTE) 
consisted of an anti-EGFR single-domain VHH nanobody binding EGFR 
on the cancer cell surface and an anti-CD3 scFv domain binding simul
taneously to the CD3 on T-cells [117]. LiTE was fused with recombinant 
HSA variants (termed Albu-LiTE) engineered with different FcRn affinity 
as a method to tune the circulatory half-life [118]. T-cell activation upon 
exposure to FcRn-expressing HT-29 cells was enhanced by LiTE and 
Albu-LiTE constructs, demonstrated by CD69 upregulation and IL-2 
secretion of T-cells in vitro. Furthermore, antibody-mediated T-cell 
cytotoxicity for LiTE and Albu-LiTE constructs was EGFR-specific in a 
dose-dependent manner and did not occur in the absence of EGFR 
expression in vitro. A humanised double transgenic (hFcRn+/+, hAlb+/+) 

Fig. 4. Therapeutic exploitation of FcRn upregulation in cancer. Enhanced endosomal uptake of antibody-drug conjugates or albumin-drug designs due to FcRn 
upregulation in solid tumours. Uptake of antibody-drug conjugates or albumin-drug designs (1). Endosomal sorting (2). Stimuli-responsive drug release (3) and 
diffusion (4). Antibody and/or albumin is recycled to the cell surface (5). Insert depicts albumin and antibody variants with tunable FcRn affinities to modulate the 
uptake and cellular recycling. 
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mouse [119] was genetically modified to generate an immunocompro
mised strain depleted of B and T-cells. Tumour growth of subcutane
ously implanted HT-29 cells in combination with co-injected PBMCs 
were more effectively inhibited following a single intraperitoneal in
jection of Albu-LiTE, compared to LiTE or the EGFR-specific mAb 
cetuximab. Moreover, serum half-life of Albu-LiTE was successfully 
extended and could be detected even 16 days post-injection, in contrast 
to LiTE cleared from the body within 24 h. 

5. Conclusion and perspectives 

FcRn was first associated with intestinal transepithelial and trans
placental IgG transport [7,120]. Subsequent identification in adults and 
various cell types has redefined and expanded the FcRn range of func
tions that paves the way for therapeutic exploitation. The prominent 
role of FcRn-driven endothelial recycling prolonging serum levels of IgG 
and HSA is already utilised in design of long-acting cancer therapeutics. 
A role of FcRn in immunosurveillance detection of a developing tumour 
and anti-tumour immunity could be exploited to target FcRn expressing 
immune cells for more potent cancer immunotherapy. 

In contrast to a ligand-activated receptor such as EGFR, FcRn is not 
expected to be a direct target for therapeutic intervention, but offers the 
advantage of using a target to increase cellular drug delivery. Folate- 
drug and GalNac-siRNA conjugates designed to enter cells by receptor- 
mediated endocytosis and release cargo during receptor recycling 
[121,122] supports an FcRn-mediated drug delivery approach with a 
similarly recycled receptor. Such strategy necessitates covalent partner 
drug dissociation before recycling to the cell surface, likely requiring 
stimuli-responsive linkers built into the conjugate design [123–125]. 
Whilst, likely not a requirement for non-covalent drug associates, tem
poral control of drug release in such systems would still offer a chal
lenge. Design criteria should consider site-selective conjugation of the 
partner drug to maintain engagement of IgG and albumin with FcRn. 
The available single free thiol at Cys34 in albumin domain I (DI), distant 
from the main binding interface in DIII, has been a focus of albumin- 
drug conjugation. We found that the FcRn binding affinity, however, 
is compromised to some degree most likely due to a contributory 
binding interface in DI, however, this can be restored using high binding 
albumin variants [126,127]. This review focuses on potential thera
peutic exploitation of FcRn expression in cancer by its cognate ligands, 
IgG and HSA, but the FcRn-targeted strategy could be applied to drug 
delivery systems. FcRn-binding peptides such as short terminal peptide 
sequences could be an alternative strategy to improve protein pharma
cokinetics and delivery of nanoparticles. FcRn-binding peptides are ge
netic fusions of a short FcRn-binding peptide (FcBP) sequence to 
peptides to mimic FcRn-IgG interactions [128]. Nanoparticles decorated 
with these FcRn-binding ligands have been shown to capture therapeutic 
antibodies on the surface to target cancer cells [129]. In other work, 
increase protein delivery across FcRn-expressing epithelial barriers has 
been shown with Fc-targeted nanoparticles [112,113] promoting FcRn 
targeting with nanoparticle delivery systems. Controlled display of tar
geting ligands on the surface of nanoparticles, however, remains a 
challenge in the field. Exploitation of FcRn-driven transcytosis of IgG 
and HSA across mucosal epithelium circumvents any FcRn-mediated 
drug recycling concerns but is limited to polarised barriers. An active 
targeting strategy is still dependent, however, on display of receptor at 
the cell surface. Continuous exchange between a mobile pool of FcRn on 
the surface and inside the cell has been reported, but at low surface 
expression levels in both endothelial cells and the basolateral membrane 
of epithelial cells [130,131]. Clinical trials investigating FcRn blockers 
for the treatment of antibody-mediated autoimmune diseases show ev
idence of cell surface engagement, that supports an FcRn-targeted 
approach. The TME of many solid tumours is slightly acidic [132,133] 
that could be exploited for high FcRn engagement by antibody or 
albumin-drug designs due to demonstrated higher affinity with the re
ceptor at low pH [20]. More investigation into the surface display 

pattern of FcRn in epithelial cancer tissue is still required, however, to 
support the application of FcRn for active cellular targeting. 

Metabolic reprogramming of cancer and FcRn dysregulation impli
cates involvement of FcRn in cancer progression [5,91,92,109]. The 
nutritional demand driving metabolic reprogramming depends on fac
tors such as tissue origin [134], cancer stage [135] and cachexia status 
[136] that could explain different FcRn expression levels reported in the 
literature. FcRn expression levels in cancer tissue could be linked to the 
heterogeneous TME immune landscape shown to vary between cancer 
patients [137]. Pro-inflammatory NF-kB present in the TME has been 
reported to stimulate FcRn upregulation in human cancer cells and 
primary monocytes [138] that may influence FcRn expression levels. 
Patient screening for FcRn expression could be used as a stratification 
method for tailoring the treatment approach according to FcRn levels. 
Increased HSA uptake by macropinocytosis is documented in KRAS 
mutated cancer cells [5,6,92], but evidence of corresponding low FcRn 
expression in these cancer cells is limited. Intracellular delivery of 
albumin-based cancer therapeutics in KRAS mutated cancer, however, is 
an exciting approach. As an alternative, drug designs engineered for 
high or low FcRn affinity could be used to maximise FcRn engagement or 
divert drug from cellular recycling, respectively, in FcRn expressing 
cells. 

FcRn-mediated half-life extension has been utilised in the design of 
marketed cancer therapeutics but observed altered FcRn profiles in 
cancer and FcRn-mediated anti-tumour immunosurveillance offers new 
emerging therapeutic opportunities. Exploitation is dependent on a 
greater understanding of the mechanistic basis and FcRn expression 
levels in cancer for tailoring cancer drug designs. 
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