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The use of antibody-based therapeutics has proven very promising for clinical applications 
in cancer patients, with multiple examples of antibodies and antibody–drug conjugates 
successfully applied for the treatment of solid tumors and lymphomas. Given reported 
recurrence rates, improvements are clearly still necessary. A major factor limiting the 
efficacy of antibody-targeted cancer therapies may be the incomplete penetration of the 
antibody or antibody–drug conjugate into the tumor. Incomplete tumor penetration also 
affects the outcome of molecular imaging, when using such targeting agents. From the 
injection site until they arrive inside the tumor, targeting molecules are faced with several 
barriers that impact intratumoral distribution. The primary means of antibody transport 
inside tumors is based on diffusion. The diffusive penetration inside the tumor is influ-
enced by both antibody properties, such as size and binding affinity, as well as tumor 
properties, such as microenvironment, vascularization, and targeted antigen availability. 
Engineering smaller antibody fragments has shown to improve the rate of tumor uptake 
and intratumoral distribution. However, it is often accompanied by more rapid clearance 
from the body and in several cases also by inherent destabilization and reduction of the 
binding affinity of the antibody. In this perspective, we discuss different cancer targeting 
approaches based on antibodies or their fragments. We carefully consider how their size 
and binding properties influence their intratumoral uptake and distribution, and how this 
may affect cancer imaging and therapy of solid tumors.
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iNtrODUctiON

Selectivity for tumor over healthy tissue is of utmost importance when it comes to successful diagnosis 
and treatment of cancer. Over the last several decades, great progress has been made in the develop-
ment of novel targeting molecules. Traditionally, antibodies directed against antigens overexpressed 
in tumors are the most commonly used targeting molecules. The development of monoclonal 
antibody (mAb) technology together with biotechnological advances in antibody engineering has 
established the use of mAbs in the field of cancer (1, 2). Despite their wide success, antibody-based 
treatment of many solid tumors remains challenging. In most of these cases, poor efficacy is linked 

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01287&domain=pdf&date_stamp=2017-10-12
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01287
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:p.vanbergen@uu.nl
https://doi.org/10.3389/fimmu.2017.01287
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01287/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01287/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01287/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01287/abstract
http://loop.frontiersin.org/people/457217
http://loop.frontiersin.org/people/483479
http://loop.frontiersin.org/people/140747


FigUre 1 | Schematic representation of the route of the antibody/antibody fragment after administration. After intravenous administration the injected antibodies/
antibody fragments (A) enter the blood stream and circulate throughout the whole body. Both the size and binding properties of the molecule used influences tumor 
targeting in various ways. (B) It is necessary that antibodies/antibody fragments effectively extravasate into the tumor interstitium. In general, the enhanced 
permeability and retention (EPR) effect favors tumor accumulation of larger molecules. (c) In the tumor interstitium, molecules travel through tumor extracellular 
matrix (ECM) to reach tumor cells. Smaller molecules diffuse faster in the more densely packed ECM. (D) For tumor retention, the antibodies/antibody fragments 
should have sufficient affinity for their target molecule on the surface of the tumor cells. (e) Binding site barrier: molecules with high affinities have restricted 
penetration inside the tumor mass, which is more apparent for larger molecules. (F) Upon binding, antibodies are endocytosed and degraded in lysosomes. Cellular 
catabolism reduces the local concentration, which is the driving force of diffusive transport. Systemic clearance (via liver and/or kidneys) reduces the overall 
concentration of the administered molecules, thereby affecting intratumoral distribution.

2

Xenaki et al. Tumor Accumulation of Antibody Fragments

Frontiers in Immunology | www.frontiersin.org October 2017 | Volume 8 | Article 1287

to non-homogeneous distribution of the mAb-based agent inside 
the tumor. This can subsequently result in an untargeted subpopu-
lation of cancer cells, potentially leading to tumor relapse (3, 4). 
Both tumor-related factors, such as tumor microenvironment and 
architecture, as well as antibody characteristics contribute to this 
heterogeneous targeting (5). The rapidly growing field of antibody 
engineering has exploited the naturally occurring immunoglobu-
lins to develop different functional antibody fragments. Modifying 
antibody features such as molecular size, valency, binding affinity, 
and pharmacokinetics allows for the development of antibody 
fragments with tailor-made properties for a variety of clinical 
applications (6, 7). A number of antibody fragments have already 
entered clinical trials (8) with antigen-binding fragments (Fab, 
~50  kDa) and single-chain variable fragments (scFv, ~28  kDa) 
accounting for most of them. In the last 20–25 years, there has 
been a growing interest in single-domain antibodies (sdAbs) or 
nanobodies, the smallest naturally occurring antigen-binding 
fragment, consisting of the variable domain of the heavy-chain 
antibodies found in camelids (VHH, ~15 kDa). Their high-binding 
affinity, ease of production, low immunogenicity, and high stabil-
ity make them a very attractive alternative to employ for targeting 
solid tumors. Variation in molecular size and binding properties 
among antibody fragments is considered to possess a central role 
in the intratumoral distribution of targeting molecules. In the 
present perspective, we aim to describe potential implications 
of molecular size and binding properties on tumor uptake and 
retention of antibody-based tracers used in molecular imaging or 
antibody-based therapy of solid tumors.

FrOM site OF iNJectiON tO tUMOr site

The most common route of administration of a therapeutic 
antibody molecule is by intravenous injection. After entering 
the bloodstream, it can reach tissues throughout the body via 
blood circulation. Antibody molecules can circulate many times 
before they successfully extravasate at the tumor site (9). There, 
after they have crossed the vessel wall, they need to distribute 
through interstitial space and finally reach their target inside 
the tumor (Figure 1). Once in the tumor interstitium, molecules 
need to diffuse through the extracellular matrix (ECM) to reach 
their targets on tumor cells, where binding can take place. Their 
diffusion deeper inside the tumor mass largely depends on their 
size and antibody–antigen-binding kinetics (clearance modulus) 
as well as on their endocytic uptake and catabolism inside the 
tumor cells (Thiele modulus) (10). In addition, systemic clear-
ance of the administered molecules lowers their concentration. 
Consequently, because this concentration gradient is the driving 
force for diffusion into the tumor, tumor accumulation is also 
decreased (4, 11, 12).

MOLecULAr siZe AND vAscULAr 
PerMeABiLitY

After administration, the targeting antibody/antibody frag-
ments need to cross the vascular wall of the tumor blood vessels, 
in order to reach the tumor cells. Properties of both the targeting 
macromolecule (e.g., size, shape, and charge) and the vessel wall 
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(e.g., pore size) can influence vascular permeability [reviewed 
in Ref. (13)]. Mathematical modeling, using a two-pore model 
of the capillary wall, clearly showed that there is an inverse 
correlation between the size of molecules (indicated by the 
molecular radius) and vascular permeability (14). Experimental 
data measuring the vascular permeability of molecules with 
different molecular weights in human colon adenocarcinoma 
xenografts are in agreement with this prediction (15). Tumor 
vasculature has significant differences to that of healthy tissues. 
Hypervascularization and increased vascular permeability, with 
vessels having abnormal architecture due to the higher cell 
proliferation rate, as well as wider fenestrations (16) are features 
that promote tumor accumulation of larger macromolecules. 
In addition to irregular blood vasculature, there is often a lack 
of a proper lymphatic network inside tumors. This results in 
inefficient lymphatic drainage allowing for better retention of 
macromolecules in tumors (17, 18). This enhanced permeability 
and retention (EPR) effect is reported to occur in the majority 
of solid tumors (19). The EPR effect facilitates the accumula-
tion of non-targeted macromolecules larger than ~40  kDa in 
tumors, giving an advantage to the use of larger molecules. This 
molecular size dependence of the EPR effect is directly linked 
to the systemic clearance (discussed in detail below) of the 
injected probes. Macromolecules larger than 40  kDa manage 
to circumvent renal excretion resulting in extended circulation 
time, increasing the chances of extravasation in the tumor 
interstitium (20, 21). Despite this contribution to the target-
ing process, the EPR effect, when present, does not guarantee 
sufficient and specific tumor penetration that is crucial for 
therapeutic applications.

Besides the improved retention at the tumor, poor lymphatic 
drainage also increases the interstitial fluid pressure (IFP)  
(17, 18). As a result, the transport of molecules into the tumor 
interstitium is largely dependent on diffusion rather than advec-
tive transport across the vessel wall (22). Diffusion of larger 
molecules is much slower, when compared to pressure-based 
advective transport of molecules. In cases where IFP exceeds the 
vascular fluid pressure, intravasation back to the blood circula-
tion can even occur. Together, both increased IFP and abnormal 
tumor vasculature (leading to non-homogeneous distribution of 
larger molecules within the tumor) counteract the benefits of 
the EPR effect.

MOLecULAr siZe AND DiFFUsivitY

The next barrier that antibodies/antibody fragments face after 
successful extravasation is the presence of the ECM that sur-
rounds tumor cells. In principle, transport through ECM is 
based on both advective movement and diffusion, which are 
collectively termed convection. As a result of the elevated IFP, 
the pressure gradient in the tumor is considered negligible, and 
therefore, diffusion along a concentration gradient is the main 
driving force for the transport of molecules in the intercellular 
space. The tumor interstitium contains ECM, the composition of 
which differs between healthy and tumor tissues and also among 
tumors. The tumor ECM is often characterized by a more densely 
packed network of highly aligned collagen fibers, which evidently 

contributes to transport resistance. In both in vivo tumors and 
in multicellular spheroids, the diffusion coefficients of IgGs were 
lower when collagen concentration was increased (23). Next to 
collagen concentration, macromolecular hydrodynamic radius 
is inversely correlated to the diffusion coefficient. Experimental 
data using IgGs and dextrans of varying sizes (4–70 kDa) show 
decreased diffusivity when their size is larger (24, 25), which is in 
agreement with the Stokes–Einstein equation.

Besides the ECM composition, the arrangement of the tumor 
cells also contributes to geometric tortuosity, which can hinder 
the diffusion of macromolecules. As can be expected, diffusion 
rates through intercellular or interfibrillar space is directly related 
to the size of the diffusing molecules. Larger molecules might be 
restricted from diffusing within narrower tortuous intercellular 
paths in the same way that they are through compact collagen 
bundles (26, 27). Inhibition of the adherens junction protein 
E-cadherin (and therefore disruption of cell–cell junctions) 
resulted in improved penetration and cytotoxicity of an immu-
notoxin used in a 3D cell culture system of tumor cells (28). This is 
in agreement with the fact that cell density influences the distribu-
tion of anticancer agents. It has been shown that in solid tumors, 
consisting of more loosely packed cells, penetration of anticancer 
agents was faster, compared to more tightly packed cells (29).

eFFect OF MOLecULAr siZe AND 
BiNDiNg AFFiNitY ON DiFFUsiON AND 
tUMOr reteNtiON

An essential property of targeting molecules is their specific 
interaction with a cell-surface molecule on tumor cells which 
they bind to with high affinity. However, such binding may also 
contribute to heterogeneity of intratumoral distribution of anti-
bodies. The “binding site barrier” effect, as suggested by Fujimori 
and colleagues, proposes that higher affinity antibodies might 
show restricted penetration into the tumor mass, as a result of 
their binding to surface located receptors (30). As seen also in 
studies using multicellular tumor spheroids (MTS), antibodies 
diffuse toward the center of the MTS covering cell layer after cell 
layer, which can be described as a shrinking core model. At the 
same time, they are able to bind to the cell surface, hindering 
further diffusion of unbound antibodies, therefore delaying 
penetration into the MTS. Diffusion into the MTS only occurs 
if antibody concentration is not limiting and is sufficient for 
saturated binding (10); thus, after all antigens have an antibody 
bound there would still be free molecules available to diffuse 
toward the center. Otherwise, when the antibody concentration 
is not sufficient, there will be incomplete coverage of the MTS/
tumor. It has been experimentally proven, both in  vivo and 
in  vitro, that improving the affinity of the targeting molecule 
can result in increased tumor retention. Using anti-HER2 scFvs 
differing only in their dissociation constants (koff), Adams and 
colleagues demonstrated that there is a certain affinity threshold 
that needs to be met in order to achieve sufficient tumor reten-
tion. Even though the lower affinity scFv (KD of 320 nM) showed 
better tumor retention than the non-binding negative control, it 
did not manage to achieve the high tumor accumulation levels 
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obtained with the higher affinity scFvs (KD of 16 or 1 nM) (31). 
However, affinity enhancement is restricted to a certain range, 
as beyond that no further improvement in tumor retention was 
documented. Mathematical modeling has shown that this affinity 
threshold is size dependent, with smaller molecules (~10 kDa) 
requiring higher affinities (0.1–10 nM) in order to reach maxi-
mum tumor uptake (14). High-affinity scFvs were at the same 
time shown to have less homogeneous distribution compared to 
ones with lower affinity (32). Similar results were obtained with 
scFvs targeting carcinoembryonic antigen in MTS studies, with 
lower affinity scFvs showing better homogeneity in their distribu-
tion (10), which is in agreement with computational modeling of 
antibody and antibody fragment distribution (5, 33).

One could speculate that the binding site barrier effect is more 
apparent when using larger molecules compared to smaller ones, 
provided they have similarly high affinities. In this case, there are 
greater chances of having local molecular crowding when using 
a bigger molecule consequently resulting in delay of diffusion. 
However, in the case of smaller fragments, one needs to make sure 
that they demonstrate a sufficiently high affinity (14). Otherwise, 
it is easier for them to diffuse back into vasculature and eventu-
ally be cleared from the system, compromising tumor retention. 
Other factors that may influence the binding site barrier effect are 
antibody catabolism by tumor cells and the dissociation kinetics 
(koff) of the antibodies. In this respect, it can be expected that a 
bivalent antibody, with reduced dissociation will contribute more 
significantly to a binding site barrier effect than the monovalent 
fragments.

tHe tHieLe MODULUs AND sYsteMic 
cLeArANce

As mentioned above, the driving force for diffusion of an anti-
body or antibody fragment through the vasculature and into the 
interstitial space of a solid tumor is the concentration gradient. 
This concentration can be compromised both inside the tumor 
(because of endocytic uptake followed by degradation within 
tumor cells) as well as outside the tumor (because of systemic 
elimination of the antibody). Antibody clearance is therefore of 
great importance for its distribution within the tumor, as lower-
ing the available antibody concentration results in its decreased 
penetration into tumor tissue (11, 14). Intracellular degradation 
of the antibody largely depends on the internalization rate of the 
targeted tumor antigen, provided that this eventually results in 
the endocytosis of the targeting antibody and degradation in 
lysosomes. The Thiele modulus (φ2), describing the ratio between 
internalization rate and diffusion/binding rates, determines 
whether the administered antibody successfully targets the whole 
tumor. Only when diffusion is faster than clearance (φ2 < 1) will 
the moving antibody front successfully reach the core of the 
tumor.

Unlike endocytic catabolism, systemic clearance of the target-
ing molecule is dependent on its size or hydrodynamic radius. 
An increase in the molecular radius leads to a rapid decrease of 
the plasma clearance (14). In general, globular molecules smaller 
than ~40 kDa (hydrodynamic radii 2–6 nm) are rapidly removed 

from the body via renal filtration (34, 35). The larger IgG anti-
bodies exhibit longer circulation times, with serum half-life of 
2–3  weeks. This is due to their large hydrodynamic volume as 
well as to their interaction with the FcRn receptor. IgGs bound 
to the FcRn receptors on endothelial cells are internalized and 
recycled back to the cell surface (36). This prevents them from 
lysosomal degradation, prolonging their residence time in the 
circulation, with IgGs being detected to be present in the body 
for around 30 days after administration (37). Smaller antibody 
fragments exhibit shorter plasma half-lives not only because of 
their smaller size but also because of their inability to bind FcRn. 
Fab fragments, with a molecular weight of approximately 50 kDa, 
have been demonstrated to have a half-life of around 28  min 
(38); smaller scFv fragments, in the range of 30 kDa, have been 
shown to be cleared even faster, with plasma half-lives of only 
10 min. Engineering of multivalent Fvs that results in tracers of 
larger size has proven to be efficient for the improvement of their 
half-lives (39, 40). Plasma half-life of a non-relevant radiolabeled 
nanobody has been calculated to be around 2 h (41), while target-
ing nanobodies are shown to be completely eliminated from the 
blood 24  h post-administration, with some levels still present 
mainly in the kidneys (42, 43). This short half-life of smaller 
antibody fragments is suggested to be beneficial, when they are 
used as radiolabeled tracers for imaging, to reduce the exposure 
of patients to ionizing radiations. Nanobodies have been shown 
to accumulate rapidly into tumors resulting in high tumor-to-
background ratios already obtained 3–5 h postinjection.

When intended for use in therapeutic applications, half-life 
extension should be considered. Most of the strategies used for 
half-life extension of antibody fragments exploit the long half-life 
of serum albumin (36). Fusion to albumin targeting nanobodies 
(44–46) or even albumin itself (47) has proven to be successful for 
the half-life extension of nanobodies and scFvs. As an alternative, 
and with the intention to keep the size of the targeting moiety 
the smallest possible, fusion to albumin-binding peptides (48) or 
albumin-binding domains of streptococcal proteins have been 
used (49, 50).

cONcLUDiNg reMArKs

Antibodies or larger antibody fragments show sufficient tumor 
uptake, regardless of their binding affinity for tumor-associated 
antigens, due to their longer circulation time. Their longer half-
life is advantageous for therapeutic applications, as it grants them 
a better chance to accumulate at the tumor. At the tumor site, a 
longer half-life allows for a longer time for the therapeutic drug to 
act on the tumor cells, increasing the therapeutic index. Because 
of their long half-lives in combination with the EPR effect, tumor 
accumulation of even non-targeted macromolecular antitumor 
agents can be achieved. However, this comes with the cost of 
an uneven intratumoral distribution of such large molecules, 
which could potentially result in incomplete tumor cell targeting  
followed by tumor recurrence. Smaller antibody fragments, 
such as Fabs, scFvs, and nanobodies, have a more rapid tumor 
accumulation because of their better diffusion into the tumor 
as a result of their small size and different binding properties 
(i.e., valency), which reduce the binding site barrier effect. 
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Similarly, non-natural binding scaffolds, such as DARpins 
[~14  kDa; reviewed in Ref. (51)], affibodies [~58 aa residues, 
6  kDa; reviewed in Ref. (52, 53)], and non-immunoglobulin 
based peptides [reviewed in Ref. (54)], having even smaller sizes 
than nanobodies, are being successfully employed as targeting 
agents. As such, small antibody fragments and scaffolds, with 
high binding affinities, are ideal to use as imaging tracers. High 
tumor-to-background ratios are achieved at earlier time points 
and as a result of their rather quick clearance the radioactive 
burden of the patient in case of nuclear imaging is reduced.

When small targeting proteins are to be employed as thera-
peutic agents, modifications in order to improve their half-life 
and binding affinity are required. Smaller molecules engineered 
to have a longer half-life would have longer residence time in the 
patient and likely a more homogeneous distribution throughout 
the tumor. In addition, antibody fragments allow the relatively 
easy generation of multivalent or multispecific molecules with 
different binding kinetics or specificities [reviewed in Ref.  
(55, 56)]. This can be accomplished by genetic fusion of the 

respective binding domains interspaced with artificial link-
ers (40, 45, 57, 58). In conclusion, parameters such as affinity, 
valency, antigen density, antibody catabolism, and half-life 
extension should all be considered when choosing the appropri-
ate antibody-based targeting agent to be used. When they have 
the right properties, smaller fragments can have a considerable 
advantage over larger ones.

AUtHOr cONtriBUtiONs

KX prepared the manuscript, and SO and PH edited it.

AcKNOWLeDgMeNts

The authors wish to thank Irati Beltran Hernandez for helpful 
discussions. KX is supported by a grant from the Netherlands 
Organisation of Scientific Research (NWO) grant number 731 
015.201.

reFereNces

1. Strebhardt K, Ullrich A. Paul Ehrlich’s magic bullet concept: 100 years of 
progress. Nat Rev Cancer (2008) 8:473–80. doi:10.1038/nrc2394 

2. Scott AM, Wolchok JD, Old LJ. Antibody therapy of cancer. Nat Rev Cancer 
(2012) 12:278–87. doi:10.1038/nrc3236 

3. Jain RK. Delivery of molecular medicine to solid tumors: lessons from in vivo 
imaging of gene expression and function. J Control Release (2001) 74:7–25. 
doi:10.1016/S0168-3659(01)00306-6 

4. Stylianopoulos T, Jain RK. Design considerations for nanotherapeutics in 
oncology. Nanomedicine (2015) 11:1893–907. doi:10.1016/j.nano.2015.07.015 

5. Thurber GM, Schmidt MM, Wittrup KD. Antibody tumor penetration: trans-
port opposed by systemic and antigen-mediated clearance. Adv Drug Deliv 
Rev (2008) 60:1421–34. doi:10.1016/j.addr.2008.04.012 

6. Jain M, Venkatraman G, Batra SK. Optimization of radioimmunotherapy of 
solid tumors: biological impediments and their modulation. Clin Cancer Res 
(2007) 13:1374–82. doi:10.1158/1078-0432.CCR-06-2436 

7. Holliger P, Hudson PJ. Engineered antibody fragments and the rise of single 
domains. Nat Biotechnol (2005) 23:1126–36. doi:10.1038/nbt1142 

8. Nelson AL, Reichert JM. Development trends for therapeutic antibody frag-
ments. Nat Biotechnol (2009) 27:331–7. doi:10.1038/nbt0409-331 

9. Nichols JW, Bae YH. Odyssey of a cancer nanoparticle: from injection site to 
site of action. Nano Today (2012) 7:606–18. doi:10.1016/j.nantod.2012.10.010 

10. Thurber GM, Wittrup KD. Quantitative spatiotemporal analysis of antibody 
fragment diffusion and endocytic consumption in tumor spheroids. Cancer 
Res (2008) 68:3334–41. doi:10.1158/0008-5472.CAN-07-3018 

11. Thurber GM, Schmidt MM, Wittrup KD. Factors determining antibody 
distribution in tumors. Trends Pharmacol Sci (2008) 29:57–61. doi:10.1016/j.
tips.2007.11.004 

12. Minchinton AI, Tannock IF. Drug penetration in solid tumours. Nat Rev 
Cancer (2006) 6:583–92. doi:10.1038/nrc1893 

13. Michel CC, Curry FE. Microvascular permeability. Physiol Rev (1999) 
79:703–61. 

14. Schmidt MM, Wittrup KD. A modeling analysis of the effects of molecular size 
and binding affinity on tumor targeting. Mol Cancer Ther (2009) 8:2861–71. 
doi:10.1158/1535-7163.MCT-09-0195 

15. Yuan F, Dellian M, Fukumura D, Leunig M, Berk DA, Torchilin VP, et  al. 
Vascular permeability in a human tumor xenograft: molecular size depen-
dence and cutoff size. Cancer Res (1995) 55:3752–6. 

16. Hobbs SK, Monsky WL, Yuan F, Roberts WG, Griffith L, Torchilin VP, et al. 
Regulation of transport pathways in tumor vessels: role of tumor type and 
microenvironment. Proc Natl Acad Sci U S A (1998) 95:4607–12. doi:10.1073/
pnas.95.8.4607 

17. Carmeliet P, Jain RK. Principles and mechanisms of vessel normalization for 
cancer and other angiogenic diseases. Nat Rev Drug Discov (2011) 10:417–27. 
doi:10.1038/nrd3455 

18. Heldin C-H, Rubin K, Pietras K, Östman A. High interstitial fluid pressure—
an obstacle in cancer therapy. Nat Rev Cancer (2004) 4:806–13. doi:10.1038/
nrc1456 

19. Matsumura Y, Maeda HA. A new concept for macromolecular therapeutics in 
cancer-chemotherapy – mechanism of tumoritropic accumulation of proteins 
and the antitumor agent Smancs. Cancer Res (1986) 46:6387–92. 

20. Nakamura H, Jun F, Maeda H. Development of next-generation macromolec-
ular drugs based on the EPR effect: challenges and pitfalls. Expert Opin Drug 
Deliv (2015) 12:53–64. doi:10.1517/17425247.2014.955011 

21. Maeda H. Toward a full understanding of the EPR effect in primary and 
metastatic tumors as well as issues related to its heterogeneity. Adv Drug Deliv 
Rev (2015) 91:3–6. doi:10.1016/j.addr.2015.01.002 

22. Jain RK, Stylianopoulos T. Delivering nanomedicine to solid tumors. Nat Rev 
Clin Oncol (2010) 7:653–64. doi:10.1038/nrclinonc.2010.139 

23. de L Davies C, Berk DA, Pluen A, Jain RK. Comparison of IgG diffusion 
and extracellular matrix composition in rhabdomyosarcomas grown in mice 
versus in vitro as spheroids reveals the role of host stromal cells. Br J Cancer 
(2002) 86:1639–44. doi:10.1038/sj.bjc.6600270 

24. Netti PA, Berk DA, Swartz MA, Grodzinsky AJ, Jain RK. Role of extracellular 
matrix assembly in interstitial transport in solid tumors. Cancer Res (2000) 
60:2497–503. 

25. Galgoczy R, Pastor I, Colom A, Giménez A, Mas F, Alcaraz J. A spectro-
photometer-based diffusivity assay reveals that diffusion hindrance of small 
molecules in extracellular matrix gels used in 3D cultures is dominated by 
viscous effects. Colloids Surf B Biointerfaces (2014) 120:200–7. doi:10.1016/j.
colsurfb.2014.05.017 

26. Pluen A, Boucher Y, Ramanujan S, McKee TD, Gohongi T, di Tomaso E, et al. 
Role of tumor-host interactions in interstitial diffusion of macromolecules: 
cranial vs. subcutaneous tumors. Proc Natl Acad Sci U S A (2001) 98:4628–33. 
doi:10.1073/pnas.081626898 

27. Ramanujan S, Pluen A, McKee TD, Brown EB, Boucher Y, Jain RK. 
Diffusion and convection in collagen gels: implications for transport 
in the tumor interstitium. Biophys J (2002) 83:1650–60. doi:10.1016/
S0006-3495(02)73933-7 

28. Xiang X, Phung Y, Feng M, Nagashima K, Zhang J, Courtney Broaddus V, 
et  al. The development and characterization of a human mesothelioma 
in  vitro 3D model to investigate immunotoxin therapy. PLoS One (2011) 
6:e14640. doi:10.1371/journal.pone.0014640 

29. Grantab RH, Tannock IF. Penetration of anticancer drugs through tumour 
tissue as a function of cellular packing density and interstitial fluid 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nrc2394
https://doi.org/10.1038/nrc3236
https://doi.org/10.1016/S0168-3659(01)00306-6
https://doi.org/10.1016/j.nano.2015.07.015
https://doi.org/10.1016/j.addr.2008.04.012
https://doi.org/10.1158/1078-0432.CCR-06-2436
https://doi.org/10.1038/nbt1142
https://doi.org/10.1038/nbt0409-331
https://doi.org/10.1016/j.nantod.2012.10.010
https://doi.org/10.1158/0008-5472.CAN-07-3018
https://doi.org/10.1016/j.tips.2007.11.004
https://doi.org/10.1016/j.tips.2007.11.004
https://doi.org/10.1038/nrc1893
https://doi.org/10.1158/1535-7163.MCT-09-0195
https://doi.org/10.1073/pnas.95.8.4607
https://doi.org/10.1073/pnas.95.8.4607
https://doi.org/10.1038/nrd3455
https://doi.org/10.1038/nrc1456
https://doi.org/10.1038/nrc1456
https://doi.org/10.1517/17425247.2014.955011
https://doi.org/10.1016/j.addr.2015.01.002
https://doi.org/10.1038/nrclinonc.2010.139
https://doi.org/10.1038/sj.bjc.6600270
https://doi.org/10.1016/j.colsurfb.2014.05.017
https://doi.org/10.1016/j.colsurfb.2014.05.017
https://doi.org/10.1073/pnas.081626898
https://doi.org/10.1016/S0006-3495(02)73933-7
https://doi.org/10.1016/S0006-3495(02)73933-7
https://doi.org/10.1371/journal.pone.0014640


6

Xenaki et al. Tumor Accumulation of Antibody Fragments

Frontiers in Immunology | www.frontiersin.org October 2017 | Volume 8 | Article 1287

pressure and its modification by bortezomib. BMC Cancer (2012) 12:214. 
doi:10.1186/1471-2407-12-214 

30. Fujimori K, Covell DG, Fletcher JE, Weinstein JN. A modeling analysis of 
monoclonal antibody percolation through tumors: a binding-site barrier. 
J Nucl Med (1990) 31:1191–8. 

31. Adams GP, Schier R, Marshall K, Wolf EJ, Mccall AM, Marks JD, et  al. 
Increased affinity leads to improved selective tumor delivery of single-chain 
Fv antibodies. Cancer Res (1998) 58:485–90. 

32. Adams GP, Schier R, McCall AM, Simmons HH, Horak EM, Alpaugh RK, et al. 
High affinity restricts the localization and tumor penetration of single-chain 
Fv antibody molecules. Cancer Res (2001) 61:4750–5. doi:10.1234/12345678 

33. Graff CP, Wittrup KD. Theoretical analysis of antibody targeting of tumor 
spheroids: importance of dosage for penetration, and affinity for retention. 
Cancer Res (2003) 63:1288–96. 

34. Longmire M, Choyke PL, Kobayashi H. Clearance properties of nano-sized 
particles and molecules as imaging agents: consideration and caveats. 
Nanomedicine (Lond) (2008) 3:703–17. doi:10.2217/17435889.3.5.703.
Clearance 

35. Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Ipe BI, et al. Renal clearance of 
quantum dots. Nat Biotechnol (2007) 25:1165–70. doi:10.1038/nbt1340 

36. Kontermann RE. Half-life extended biotherapeutics. Expert Opin Biol Ther 
(2016) 16:903–15. doi:10.1517/14712598.2016.1165661 

37. Roopenian DC, Akilesh S. FcRn: the neonatal Fc receptor comes of age. Nat 
Rev Immunol (2007) 7:715–25. doi:10.1038/nri2155 

38. Chapman AP, Antoniw P, Spitali M, West S, Stephens S, King DJ. Therapeutic 
antibody fragments with prolonged in vivo half-lives. Nat Biotechnol (1999) 
17:780–3. doi:10.1038/11717 

39. Adams GP, McCartney JE, Tai MS, Oppermann H, Huston JS, Stafford  WF III,  
et al. Highly specific in vivo tumor targeting by monovalent and divalent forms 
of 741F8 anti-c-erbB-2 single-chain Fv. Cancer Res (1993) 53:4026–34. 

40. Goel A, Colcher D, Baranowska-Kortylewiez J, Augustine S, Booth BJM, 
Pavlinkova G, et al. Genetically engineered tetravalent single-chain Fv of the 
pancarcinoma monoclonal antibody CC49: improved biodistribution and 
potential for therapeutic application. Cancer Res (2000) 60:6964–71. 

41. Tchouate Gainkam LO, Caveliers V, Devoogdt N, Vanhove C, Xavier C, 
Boerman O, et al. Localization, mechanism and reduction of renal retention of 
technetium-99m labeled epidermal growth factor receptor-specific nanobody 
in mice. Contrast Media Mol Imaging (2011) 6:85–92. doi:10.1002/cmmi.408 

42. Kijanka M, Warnders FJ, El Khattabi M, Lub-De Hooge M, Van Dam GM,  
Ntziachristos V, et al. Rapid optical imaging of human breast tumour xeno-
grafts using anti-HER2 VHHs site-directly conjugated to IRDye 800CW 
for image-guided surgery. Eur J Nucl Med Mol Imaging (2013) 40:1718–29. 
doi:10.1007/s00259-013-2471-2 

43. Oliveira S, Van Dongen GAMS, Stigter-Van Walsum M, Roovers RC, Stam JC, 
Mali W, et al. Rapid visualization of human tumor xenografts through optical 
imaging with a near-infrared fluorescent anti-epidermal growth factor recep-
tor nanobody. Mol Imaging (2012) 11:33–46. doi:10.2310/7290.2011.00025 

44. Tijink BM, Laeremans T, Budde M, Stigter-van Walsum M, Dreier T, de Haard HJ,  
et  al. Improved tumor targeting of anti-epidermal growth factor receptor 
nanobodies through albumin binding: taking advantage of modular nano-
body technology. Mol Cancer Ther (2008) 7:2288–97. doi:10.1158/1535-7163.
MCT-07-2384 

45. Roovers RC, Vosjan MJWD, Laeremans T, El Khoulati R, De Bruin RCG, 
Ferguson KM, et al. A biparatopic anti-EGFR nanobody efficiently inhibits 
solid tumour growth. Int J Cancer (2011) 129:2013–24. doi:10.1002/ijc.26145 

46. Hoefman S, Ottevaere I, Baumeister J, Sargentini-Maier M. Pre-clinical intrave-
nous serum pharmacokinetics of albumin binding and non-half-life extended 
Nanobodies®. Antibodies (2015) 4:141–56. doi:10.3390/antib4030141 

47. Andersen JT, Cameron J, Plumridge A, Evans L, Sleep D, Sandlie I. Single-
chain variable fragment albumin fusions bind the neonatal Fc receptor (FcRn) 
in a species-dependent manner: implications for in vivo half-life evaluation of 
albumin fusion therapeutics. J Biol Chem (2013) 288:24277–85. doi:10.1074/
jbc.M113.463000 

48. Dennis MS, Jin H, Dugger D, Yang R, McFarland L, Ogasawara A, 
et al. Imaging tumors with an albumin-binding Fab, a novel tumor-tar-
geting agent. Cancer Res (2007) 67:254–61. doi:10.1158/0008-5472.
CAN-06-2531 

49. Hopp J, Hornig N, Zettlitz KA, Schwarz A, Fuß N, Müller D, et al. The effects 
of affinity and valency of an albumin-binding domain (ABD) on the half-life 
of a single-chain diabody-ABD fusion protein. Protein Eng Des Sel (2010) 
23:827–34. doi:10.1093/protein/gzq058 

50. Cantante C, Lourenço S, Morais M, Leandro J, Gano L, Silva N, et al. Albumin-
binding domain from Streptococcus zooepidemicus protein Zag as a novel 
strategy to improve the half-life of therapeutic proteins. J Biotechnol (2017) 
253:23–33. doi:10.1016/j.jbiotec.2017.05.017 

51. Plückthun A. Designed ankyrin repeat proteins (DARPins): binding proteins 
for research, diagnostics, and therapy. Annu Rev Pharmacol Toxicol (2015) 
55:489–511. doi:10.1146/annurev-pharmtox-010611-134654 

52. Nord K, Gunneriusson E, Ringdahl J, Ståhl S, Uhlén M, Nygren PA. Binding 
proteins selected from combinatorial libraries of an alpha-helical bacterial 
receptor domain. Nat Biotechnol (1997) 15:772–7. doi:10.1038/nm0798-822 

53. Dong D, Xia G, Li Z, Li Z. Human serum albumin and HER2-binding affibody 
fusion proteins for targeted delivery of fatty acid-modified molecules and 
therapy. Mol Pharm (2016) 13:3370–80. doi:10.1021/acs.molpharmaceut. 
6b00265 

54. Wang Y, Cheetham AG, Angacian G, Su H, Xie L, Cui H. Peptide–drug conju-
gates as effective prodrug strategies for targeted delivery. Adv Drug Deliv Rev 
(2017) 11(0–111):112–26. doi:10.1016/j.addr.2016.06.015 

55. Spiess C, Zhai Q, Carter PJ. Alternative molecular formats and therapeutic 
applications for bispecific antibodies. Mol Immunol (2015) 67:95–106. 
doi:10.1016/j.molimm.2015.01.003 

56. Lameris R, de Bruin RCG, Schneiders FL, van Bergen en Henegouwen PMP, 
Verheul HMW, de Gruijl TD, et al. Bispecific antibody platforms for cancer 
immunotherapy. Crit Rev Oncol Hematol (2014) 92:153–65. doi:10.1016/j.
critrevonc.2014.08.003 

57. Heukers R, Vermeulen JF, Fereidouni F, Bader AN, Voortman J, Roovers RC, 
et al. Endocytosis of EGFR requires its kinase activity and N-terminal trans-
membrane dimerization motif. J Cell Sci (2013) 126:4900–12. doi:10.1242/
jcs.128611 

58. Van Driel PBAA, Boonstra MC, Slooter MD, Heukers R, Stammes MA, 
Snoeks TJA, et  al. EGFR targeted nanobody-photosensitizer conjugates for 
photodynamic therapy in a pre-clinical model of head and neck cancer. 
J Control Release (2016) 229:93–105. doi:10.1016/j.jconrel.2016.03.014 

Conflict of Interest Statement: The authors declare that the authors KX and SO 
have no commercial or financial relationships that could be construed as a potential 
conflict of interest. PBH is shareholder of QVQ BV, Utrecht, the Netherlands.

Copyright © 2017 Xenaki, Oliveira and van Bergen en Henegouwen. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these  
terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1186/1471-2407-12-214
https://doi.org/10.1234/12345678
https://doi.org/10.2217/17435889.3.5.703.Clearance
https://doi.org/10.2217/17435889.3.5.703.Clearance
https://doi.org/10.1038/nbt1340
https://doi.org/10.1517/14712598.2016.1165661
https://doi.org/10.1038/nri2155
https://doi.org/10.1038/11717
https://doi.org/10.1002/cmmi.408
https://doi.org/10.1007/s00259-013-2471-2
https://doi.org/10.2310/7290.2011.00025
https://doi.org/10.1158/1535-7163.MCT-07-2384
https://doi.org/10.1158/1535-7163.MCT-07-2384
https://doi.org/10.1002/ijc.26145
https://doi.org/10.3390/antib4030141
https://doi.org/10.1074/jbc.M113.463000
https://doi.org/10.1074/jbc.M113.463000
https://doi.org/10.1158/0008-5472.CAN-06-2531
https://doi.org/10.1158/0008-5472.CAN-06-2531
https://doi.org/10.1093/protein/gzq058
https://doi.org/10.1016/j.jbiotec.2017.05.017
https://doi.org/10.1146/annurev-pharmtox-010611-134654
https://doi.org/10.1038/nm0798-822
https://doi.org/10.1021/acs.molpharmaceut.6b00265
https://doi.org/10.1021/acs.molpharmaceut.6b00265
https://doi.org/10.1016/j.addr.2016.06.015
https://doi.org/10.1016/j.molimm.2015.01.003
https://doi.org/10.1016/j.critrevonc.2014.08.003
https://doi.org/10.1016/j.critrevonc.2014.08.003
https://doi.org/10.1242/jcs.128611
https://doi.org/10.1242/jcs.128611
https://doi.org/10.1016/j.jconrel.2016.03.014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Antibody or Antibody Fragments: Implications for Molecular Imaging and Targeted Therapy of Solid Tumors
	Introduction
	From Site of Injection to Tumor Site
	Molecular Size and Vascular Permeability
	Molecular Size and Diffusivity
	Effect of Molecular Size and Binding Affinity on Diffusion and Tumor Retention
	The Thiele Modulus and Systemic Clearance
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


