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Abstract 
 
Theoretical analyses suggest that the cellular internalization and catabolism of bound 

antibodies contributes significantly to poor penetration into tumors.  Here we 

quantitatively assess the internalization of antibodies and antibody fragments against the 

commonly targeted antigen carcinoembryonic antigen (CEA).  Although CEA is often 

referred to as a non-internalizing or shed antigen, anti-CEA antibodies are shown to be 

slowly endocytosed by LS174T cells with a half time of 10-16 hours, a time scale 

consistent with the metabolic turnover rate of CEA in the absence of antibody.  Anti-

CEA single chain variable fragments (scFvs) with significant differences in affinity, 

stability, and valency exhibit similar uptake rates, indicating that these parameters have 

little effect on net internalization in this system.  In contrast, one anti-CEA IgG is 

internalized significantly faster due to its ability to bind more than one epitope per CEA 

molecule and thereby drive large scale antigen clustering.  In an accompanying paper, 

Thurber et al. demonstrate that the internalization rates measured here can be used to 

quantitatively predict the microdistribution of antibodies in an in vitro tumor spheroid 

model. 
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Introduction 
 

Antibody drugs have begun to show clinical promise for the treatment of a variety 

of cancers -  there are currently 9 FDA approved antibodies for cancer treatment with 

dozens more in clinical trials (1).  By specifically targeting antigens overexpressed on 

tumor cells, these drugs have potential to improve the efficacy of cancer treatment while 

limiting toxic exposure to healthy cells.  Despite this progress, there are still significant 

barriers that must be overcome in order for these drugs to reach their full potential.  In 

particular, efficacy has been limited in the treatment of solid tumors (2).  The reasons for 

incomplete cell killing in solid tumors are complex, but one significant factor is that 

antibodies often fail to fully penetrate the tumor tissue leaving regions of untargeted, 

viable cancer cells (2). 

The transport of antibodies into solid tumors is a complex process involving 

circulation and clearance from the plasma, extravasation across capillary walls, binding 

and diffusion in the tumor interstitium, and internalization and catabolism in tumor cells.  

Solid tumors typically exhibit abnormal physiology characterized by high interstitial fluid 

pressure, insufficient vascularization, and dense extracellular matrix that limit antibody 

movement (3).  After entering the tumor, high affinity antibodies rapidly bind to free 

antigen depleting the pool of free antibody and further hindering penetration (4-6).  

Recent theoretical analyses have suggested that antibody internalization and catabolism 

in tumor cells may also contribute to poor antibody transport (7).  Specifically, the time 

scale model derived by Thurber et al. (7) predicts that incomplete antibody penetration 

will occur if the rate of antibody catabolism is faster than the rate of antibody 

extravasation and diffusion.  The antibody internalization rate has also been predicted to 
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influence the length of antibody retention in the tumor, surface accessibility of antibody 

for ADCC or pretargeted radioimmunotherapy, and the cytotoxicity of immunotoxins and 

antibody-drug conjugates (8-10).  In order to test these predictions, it is imperative to 

measure accurate rate constants for antibody uptake in tumor cells.  Additionally, it is 

important to understand how antibody properties such as affinity, valency, and stability 

influence these rates, in order to select agents with suitable properties for a given 

targeting application.   

Carcinoembryonic antigen (CEA) is a 180 kD GPI linked cell-surface 

glycoprotein normally expressed in the fetal gut and on the lumenal surface of the adult 

colon (11).  During colorectal carcinoma oncogenesis, CEA loses its polarity and 

becomes overexpressed throughout the tumor tissue.  High levels of CEA expression 

have also been observed in epithelial tumors in the lung, breast, thyroid, and ovaries (11).  

Due to this selective tumor overexpression, antibodies against CEA have been 

investigated as targeting agents for a number of imaging and therapeutic approaches 

including SPECT and PET imaging, pretargeted radioimmunotherapy, and ADEPT (12-

15). 

Although CEA is often referred to as a shed or non-internalizing antigen (16-18), 

there have been sporadic reports that antibodies and immunoconjugates against CEA are 

in fact slowly internalized by CEA expressing tumor cells (19-21).  However, these 

studies have lacked: (1) quantitative measurement of the antibody internalization rate 

constant (ke) and (2) systematic study of how antibody properties such as affinity, 

stability, and valency influence this uptake.  These limitations are addressed in the 

current study in which the internalization rates of a series of anti-CEA antibodies and 
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antibody fragments with differences in affinity, stability, valency, and target epitope have 

been quantitatively measured in LS174T colorectal cancer cells.   In an accompanying 

paper (Thurber et al.) the authors demonstrate that the seemingly slow rate of CEA-bound 

antibody internalization (half-time 10-16 hr) significantly hinders antibody transport in an 

in vitro LS174T spheroid model. 

 

Materials and Methods 

Materials and cell lines 

Anti-CEA IgGs M85151a and M111147 were purchased from Fitzgerald (Concord, MA).  

LS174T cells were obtained from ATCC (Rockville, MD).  Cells were grown in 

minimum essential media (MEM) supplemented with 10% FBS and 1% Penicillin-

Streptomyocin.   

 

Antibody fragment production 

Secretion vectors for shMFE and sm3E containing a c-terminal His6 tag have been 

described previously (22).  Disulfide stabilized scFvs were produced by mutating 

residues R44 and G234 to cysteine using the QuikChange kit (Stratagene) according to 

manufacturer’s instructions.  Mutations were confirmed by sequencing.  Plasmids were 

transformed into the YVH10 strain of yeast using the EZ Yeast Kit (Zymo Research) and 

plated on SD-CAA media supplemented with 40 µg/mL tryptophan.  Individual colonies 

were grown in 1 L flasks and secretion induced for 48 hours at 37oC as described 

previously (22).  The cleared supernatant was concentrated using Millipore 10 kD 

ultrafiltration membranes and the His-tagged proteins purified using BD Talon metal 
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affinity resin following the manufacturer’s batch-column protocol.  Eluted proteins were 

further purified by anion exchange chromatography on a Hi-Q column equilibrated with 

20 mM Tris buffer at pH 8.25 and size exclusion chromatography on a Superdex 75 

column (GE Healthcare).  Samples were run on a 12% Bis-Tris gel with or without 100 

mM DTT and Coomassie stained to check size and purity.  Fab fragments were produced 

from IgG M85151a by papain digestion using the ImmunoPure Fab Preparation Kit 

(Pierce) according to manufacturer’s instructions.  Purified antibodies were conjugated to 

Alexa-488 fluorophores using the Microscale Protein Labeling Kit (Invitrogen) following 

manufacturer’s instructions.  Antibody concentration and degree of fluorophore labeling 

were determined from UV absorbance at 280 and 490 nm as described in the Microscale 

Kit.   

 

Linker cleavage and protease stability 

The (Gly4Ser)3 linker connecting the VH and VL domains of the scFvs was cleaved by 

incubating the antibody fragments with 0.02 Units/mL subtilisin in digestion buffer (20 

mM Tris-HCl, 5 mM calcium chlorate, pH 7.5) for 90 minutes at 37oC.  Digested samples 

were run on a 12% Bis-Tris gel with or without 100 mM DTT and Coomassie stained.  

For functional protease stability assays, Alexa-488 labeled scFvs were incubated with 

increasing concentrations of subtilisin in digestion buffer for 60 minutes at 37oC.  

Trypsinized LS174T cells were labeled with the digested antibodies at subsaturating 

concentrations for 20 min on ice and mean cellular fluorescence measured on an EPICS 

Coulter XL flow cytometer (Beckman Coulter, Inc.) 
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Cell-surface binding 

Trypsinized LS174T cells were fixed with Cytofix Buffer (BD Biosciences) for 20 

minutes at 4oC to prevent antibody trafficking.  For KD measurements, fixed cells were 

incubated with Alexa-488 labeled scFvs at a range of concentrations for 16-20 hours at 

37oC.  To avoid antibody depletion effects, a 10 fold molar excess of antibody over 

antigen was maintained throughout.  Labeled cells were washed twice with PBS + 0.1% 

BSA, and the mean Alexa-488 cellular fluorescence measured on an EPICS Coulter XL 

cytometer.  The normalized signal was fit to the equation MFU = Bmax ([Ab]/([Ab]+KD)) 

to determine the KD.  For koff measurements, fixed cells were labeled overnight with 

saturating concentrations of Alexa-488 conjugated scFvs.  Cells were washed and 

resuspended at 37oC in PBS-BSA containing 100 nM unlabeled sm3E to prevent 

rebinding of dissociated antibodies.  At each time point, cells were washed and the mean 

fluorescence quantified by flow cytometry.  Fluorescence values were normalized by the 

signal at t = 0 and fit to an exponential decay to determine the koff.  The number of 

antibodies bound per cell at saturation was determined by labeling cells with saturating 

concentrations of Alexa-488 conjugated antibodies and converting the fluorescence 

intensity to a number of molecules using Alexa-488 calibration beads and the calculated 

number of fluorophores per antibody. 

 

Net antibody internalization assays 

LS174T cells were subcultured into 96 well plates at a concentration of 105 cells per well 

and allowed to adhere for 12-16 hours.  After washing cells once in media, 125 µL of 

Alexa-488 conjugated antibodies at a concentration of 20 nM in MEM + FBS was added 
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to each well.  Cells were incubated at 37oC in the continuous presence of the labeled 

antibodies.  At each time point, plates were chilled, wells washed twice in PBS-BSA, and 

cells lifted by incubating with 200 µL cell dissociation buffer (Gibco) for 10 minutes on 

ice.  Dissociated cells were transferred to microfuge tubes by pipetting and sedimented at 

14000 x g.  Cells pellets were resuspended in PBS-BSA with or without 25 µg/mL anti-

Alexa-488 quenching IgG (Molecular Probes) for 25 minutes on ice.  The mean 

fluorescence of the surface quenched and unquenched cells were measured on an XL 

cytometer and used to calculate the relative amounts of surface and internal fluorescence 

as described previously (23).  In brief, surface fluorescence was determined as 

(unquenched MFU – quenched MFU)/ε where ε is the quenching efficiency determined 

by comparing the quenched and unquenched signals of cells that had been labeled briefly 

on ice to prevent internalization.  The internal fluorescence was then calculated as Total 

MFU – Surface MFU.  Non-specific internalization of antibodies due to fluid phase 

uptake was measured using cells where the CEA was pre-blocked with unlabeled 

antibody and subtracted from the internal signal.  The corrected internal MFU values 

were plotted against the integral of the surface fluorescence determined using the 

trapezoidal rule and fit to a linear curve, the slope of which is the internalization rate ke 

(24).   

 

Surface decay 

LS174T cells subcultured in 96 well plates as above were surface labeled with saturating 

concentrations of Alexa-488 labeled sm3E, ds-shMFE-M, or M85151a IgG for 1 hour on 

ice.  Unbound antibody was washed from each well and cells were incubated in media at 



 

Kinetics of anti-CEA antibody internalization 
9 

37oC.  At each time point, cells were chilled and transferred to microfuge tubes as 

described above.  Cells were then surface labeled on ice with PE conjugated secondary 

and tertiary antibodies to determine the amount of anti-CEA antibody remaining on the 

surface.  Goat anti-mouse PE (1:50 dilution) was used for M85151a and anti-His biotin 

(1:70 dilution) followed by streptavidin-PE (1:100 dilution) for the scFvs.  Cells were 

analyzed by flow cytometry to measure the 488 signal (total cell associated antibody) and 

PE signal (surface accessible antibody).  Cells were also imaged for 488 and PE 

colocalization using a Deltavision deconvolution microscope (Applied Precision, Inc.) 

 

Fluorescence imaging 

LS174T cells were subcultured at ~2x105 cells per well on 8 well glass coverslip bottom 

dishes (Nunc).  After attachment, cells were incubated overnight at 37oC with 10 nM 

anti-CEA scFvs conjugated to either Alexa-488 or Alexa-594.  Cells were then labeled 

for 1 hour at 37oC with fluorescent markers of endocytosis including 1 µg/mL Cholera 

toxin subunit B-594, 20 µg/mL transferrin-488, 10 µM dextran-488, or 100 nM 

LysoTracker red.  Cells were washed and imaged on a Deltavision deconvolution 

microscope to determine 488 and 594 colocalization.   

 

CEA downregulation 

LS174T cells subcultured into 96 well plates as above were incubated at 37oC in media 

with or without 50 nM unlabeled anti-CEA antibodies.  At each time point, cells were 

chilled, washed twice with cold CO2 independent media, and labeled for 40 minutes on 

ice with 20 nM of a non-competitive Alexa-488 labeled anti-CEA antibody.  Cells were 
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then washed, lifted with cell dissociation buffer, and analyzed by flow cytometry as 

above.  The Alexa-488 signal of cells incubated with unlabeled antibody was normalized 

by the signal of cells incubated with media alone to determine the degree of antigen 

downregulation. 

 

Biotinylated CEA turnover 

LS174T cells were subcultured into 12 well plates at a density of 2x106 cells per well and 

grown for 24 hours at 37oC.  Cells were washed and surface biotinylated with 1 mg/mL 

NHS-SS-biotin (Pierce) in PBS, pH 8.0.  The labeling reaction was quenched after 30 

minutes by the addition of 100 mM Tris-HCl.  The cells were then washed twice in media 

and incubated at 37oC.  At each time point, cells were placed on ice, washed twice with 

PBS-BSA, and incubated in 500 µL of ice cold lysis buffer for 10 minutes.  The cell 

lysate was cleared by centrifuging at 14000 x g for 15 minutes and biotinylated proteins 

pulled down with streptavidin resin (Pierce).  The bound proteins were washed and eluted 

by cleaving the disulfide linker with 100 mM DTT.  Eluted samples were run on a 4-12% 

SDS-PAGE gel, transferred to a nitrocellulose membrane, and blotted for CEA using 

M85151a IgG (1:1000 dilution) and goat anti-mouse-HRP secondary (1:1000 dilution).  

Band intensities at each time point were quantified using QuantityOne software (Bio-

Rad) and normalized by the band intensity at time zero.  

 

Results  

The internalization rate of cell bound antibodies is predicted to significantly alter 

the microdistribution, surface accessibility, and retention time of antibodies in tumor 
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tissue.  Therefore, we set out to quantitatively measure the internalization of antibodies 

and antibody fragments directed against the common tumor target CEA.  Furthermore, 

we examined how antibody parameters such as affinity, stability, valency, and target 

epitope influence these internalization rates.   

 

scFv production 

As a model system to examine the effect of antibody properties on cellular uptake, 

we developed a series of anti-CEA single-chain variable fragments (scFvs) with 

differences in affinity, stability, and valency.  scFvs are ~27 kD antibody fragments 

consisting of the VH and VL domains of an IgG connected by a peptide linker.  Previous 

affinity maturation work resulted in two anti-CEA scFvs sm3E and shMFE with a nearly 

300 fold difference in affinity (sm3E KD = 30 pM, shMFE KD = 8.5 nM) (22).  To make 

fragments with increased stability, cysteine residues were inserted into the VH and VL 

domains of the proteins to form an interdomain disulfide bond.  The formation of this 

interdomain disulfide has been shown to increase the protease and thermal stability of 

antibody fragments (25, 26).  Additionally, the disulfide stabilized scFvs (ds-scFvs) are 

secreted in yeast as a mix of disulfide locked monomers (ds-scFv-M) and dimers (ds-

scFv-D) which can be separated to provide fragments with differences in valency.   

Secreted antibody fragments were concentrated and purified at a final yield of 

0.5-1 mg/L.  All proteins matched expected sizes when run on non-reducing and reducing 

SDS-PAGE and demonstrated purity greater than 99% (Figure 1 A, B).  The slightly 

increased mobility of the disulfide stabilized monomers compared to the native scFvs 

under non-reducing conditions is indicative of interdomain disulfide bond formation, 
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which produces a more compact denatured structure.  Formation of the interdomain 

disulfide was further confirmed by proteolytically cleaving the peptide linker connecting 

the VH and VL domains of the scFvs and assaying protein mobility on SDS-PAGE.  

Following linker cleavage, the VH and VL domains of the disulfide stabilized scFvs are 

held together under non-reducing conditions by the interdomain disulfide bond (Figure 

1C). 

 

scFv binding and stability 

Antibody affinity and avidity was assessed by measuring the binding of Alexa-

488 conjugated antibody fragments to fixed LS174T cells (Table I).  Both disulfide 

locked monomers exhibit dissociation constants (30 pM for ds-sm3E-M and 9.2 nM for 

ds-shMFE-M) similar to those measured previously for sm3E and shMFE by yeast 

surface display (22).  In contrast, the bivalent molecule ds-shMFE-D has a roughly 100 

fold higher apparent affinity (85 pM) than its monomeric counterpart due to avidity from 

bivalently binding to cells.  Interestingly, the non-disulfide stabilized shMFE also 

exhibits a higher affinity than ds-shMFE-M, likely due to the formation of non-covalent 

dimers in solution.  The formation of such reversible dimers has been observed 

previously for a closely related scFv MFE-23 (27).  sm3E and ds-sm3E-D demonstrate 

less significant increases in apparent affinity compared to their monomeric counterpart 

ds-sm3E-M, although this is likely due to the high affinity of the monovalent interaction 

rather than an absence of bivalent binding.  Off-rate measurements in the presence of 

unlabeled competitor support the conclusion that both disulfide stabilized dimers and 
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native scFvs bind to the cell bivalently as their dissociation constants were ~2-3 fold 

slower than those of the disulfide locked monomers (Table I).   

The contribution of the interdomain disulfide to functional scFv stability was 

assessed by incubating the antibodies in increasing concentrations of the protease 

subtilisin, then measuring antibody binding to LS174T cells at subsaturating 

concentrations. As expected, the disulfide stabilized proteins displayed significantly 

higher binding activity following protease treatment than the native scFvs suggesting 

improved stability (Figure 1D).  As a whole, the in vitro cell binding assays confirmed 

that the secreted scFvs exhibited the expected differences in affinity, stability, and 

valency, and were therefore a useful model system for the effects of variation in these 

parameters on net internalization.   

 

Internalization rate constant (ke) measurements 

 The cellular net internalization rate constant (ke) of each scFv was assayed using a 

fluorescence quenching protocol, similar to one described previously for Herceptin 

endocytic trafficking (23).  Adherent LS174T cells were incubated at 37oC in the 

continuous presence of Alexa-488 labeled antibody fragments.  At each time point, cells 

were chilled, lifted, and ½ of the cells surface quenched with anti-Alexa-488 IgG.   The 

efficiency of surface quenching was independently measured for each antibody using 

cells that had been labeled briefly on ice to prevent internalization, and ranged from 84-

91%.  The fluorescence intensity of quenched and unquenched samples was quantified by 

flow cytometry and the surface and internal fluorescence calculated as described in 

materials and methods.  In general, the surface fluorescence increases over the first hour 
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and then plateaus as antibody binding reaches equilibrium, while the internal 

fluorescence continues to increase over time as antibodies are endocytosed and the 

fluorophores retained in the cell (Figure 2A).  Non-specific uptake was measured using 

cells that had been pre-blocked with unlabeled sm3E and was generally found to be low 

at the experimental antibody concentrations.   

Internalization rates were derived from the quenched fluorescence data by plotting 

the internal fluorescence against the time integral of the surface fluorescence and 

applying a linear fit (Figure 2B and Supplemental Figure 1).  Uptake rates were measured 

in this manner for all scFvs and are reported as internalization half times in Figure 2C 

(where t1/2 = 

! 

ln(2) /k
e
).   In general, internalization of the anti-CEA scFvs is slow with 

half times ranging from 10-16 hours.  Surprisingly, neither antibody affinity, stability, nor 

valency significantly affect the internalization process in this system as there is no 

significant difference in uptake half times among the scFvs.   

The fluorescence quenching protocol was also used to measure the uptake rates of 

a pair of commercially available anti-CEA IgGs M111147 and M85151a that bind to 

different (non-competing) epitopes on CEA from the scFvs and each other (data not 

shown).  While M111147 was internalized with a half time of 13 hours, similar to the 

scFvs, M85151a was taken up significantly faster with a half time of 5 hours (Figure 2C).  

A monovalent Fab fragment of M85151a produced by papain digestion was internalized 

with a net uptake rate (t1/2 ~ 14 hours) significantly slower than the IgG, suggesting that 

the bivalency of the full antibody is necessary for its faster uptake (Figure 2C). 

 

Antibody surface decay  
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Antibody internalization was also measured in the context of a pulse labeling 

experiment that better simulates the retention phase of tumor targeting.  Cells were 

surface labeled on ice with Alexa-488 conjugated anti-CEA antibodies, washed to 

remove unbound molecules, and incubated at 37oC.   At each time point, cells were 

surface labeled on ice with PE-conjugated anti-mouse or anti-His6 secondary antibodies, 

and the 488 and PE signals measured by flow cytometry to determine the total cell 

associated and surface antibody, respectively.  The high affinity scFv sm3E exhibits slow 

decay of both the total antibody and surface accessible fluorescence (Figure 3A).  The 

decrease in total signal may be due to antibody dissociation, antigen shedding, or cellular 

efflux of degraded fluorophore.  The surface signal drops faster than the total signal over 

the course of several hours, indicating a slow internalization of antibody in rough 

agreement with the ke values measured in the continuous uptake experiments.  In contrast 

to sm3E, the surface level of M85151a IgG drops rapidly over the first 3 hours to 

approximately 50% of its initial level while the total signal remains virtually unchanged, 

suggesting a more rapid internalization as observed in the continuous uptake experiments 

(Figure 3B).  The low affinity scFv ds-shMFE-M dissociates completely from the cell 

surface before any significant internalization takes place (data not shown). 

 

Fluorescence imaging 

 For further confirmation of anti-CEA antibody internalization by LS174T cells, 

fluorescence microscopy was used to assess the subcellular distribution of antibodies 

following cellular trafficking.  Following a 24 hour incubation at 37oC, Alexa-488 

labeled anti-CEA IgGs accumulate in intracellular compartments of LS174T cells 
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inaccessible to a PE labeled anti-mouse secondary IgG (Figure 4A).  By contrast, at 4oC, 

anti-CEA IgGs remain primarily at the cell surface as seen by the extensive 

colocalization between the primary and secondary antibodies.   

 To better characterize the route of antibody internalization, fluorescence 

colocalization studies were performed between anti-CEA scFvs and markers of endocytic 

pathways.  Specifically, dextran, transferrin, cholera toxin B, and LysoTracker were used 

as markers of early endosomes, recycling endosomes, caveolae mediated internalization, 

and lysosomes, respectively.  In all cases, anti-CEA scFvs internalized at 37oC for 24 

hours showed partial, but incomplete fluorescent colocalization with the respective 

marker (Figure 4B), suggesting that CEA is internalized non-specifically through 

multiple pathways.   

 

Surface CEA and antibody levels 

 Antibodies against EGFR and other cell surface proteins have been shown to 

downregulate surface levels of their target antigen following binding which may have 

significant effects on antibody microdistribution and pharmacodynamics (28, 29).  To 

determine if anti-CEA antibodies are also capable of downregulating their target antigen, 

LS174T cells were incubated with saturating concentrations of unlabeled antibodies at 

37oC and the surface CEA concentration determined at each time point by labeling the 

cells on ice with an Alexa-488 labeled non-competitive anti-CEA antibody.  Both the 

monovalent and bivalent high affinity scFvs (ds-sm3E-M and ds-sm3E-D), as well as the 

slowly internalized IgG M111147, have no effect on the surface levels of CEA (Figure 

5A).  In contrast, incubation with the rapidly internalized IgG M85151a induces a 20% 
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decrease in surface CEA levels that is sustained to 5 hours.  This downregulation is not 

observed when the cells are incubated with a monovalent Fab fragment of the antibody 

suggesting that the activity is valency dependent.   

Antigen concentration and the number of antibody molecules bound per cell at 

saturation may also influence the tumor microdistribution of antibodies (7).  To quantify 

these parameters, the cellular fluorescence of LS174T cells labeled with saturating 

concentrations of Alexa-488 labeled antibodies was measured and converted to a number 

of bound antibodies per cell using fluorescent calibration beads as described in the 

accompanying paper (Thurber et al.).  As seen in Figure 5B, ~400,000 molecules of the 

monovalent scFv ds-sm3E-M are bound to each cell at saturation, while the scFv dimer 

ds-sm3E-D and IgG M111147 saturate the cell with ~40% fewer molecules due to 

bivalent antigen binding.  Interestingly, both the IgG and Fab versions of M85151a bind 

with approximately twice as many molecules per cell at saturation as the other antibodies 

of equivalent valency.  This two fold greater binding may suggest that M85151a binds to 

two different epitopes on each CEA molecule.   

 

Metabolic turnover of CEA 

 Finally, we examined the metabolic turnover of the target antigen CEA in the 

absence of antibody using a biotinylation pulse-chase assay.  LS174T cells were surface 

biotinylated with a NHS-SS-biotin reagent, washed, and incubated at 37oC.  At each time 

point, cells were lysed, biotinylated proteins affinity purified with streptavidin resin, and 

eluted samples analyzed with anti-CEA western blots.  The band intensity of the purified 

samples decreases over time as biotin-pulsed CEA molecules are catabolized by the cells 
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(Figure 6A).  Band intensities were quantified and fit to an exponential decay to derive a 

rate of CEA turnover (Figure 6B).  Using this assay, the half time for CEA turnover was 

determined to be 15 hours.  This value is approximately equal to the rate of antibody 

internalization (Figure 2C), suggesting that the metabolic turnover of CEA drives 

antibody uptake and that the antibodies themselves do little to modulate this rate - with 

the exception of IgG M85151a. 

 

Discussion 
 

Theoretical analyses of antibody transport in solid tumors suggest that cellular 

internalization and catabolism of bound antibodies significantly retards penetration of 

these drugs into the tumor.  In order to test these predictions using CEA-specific 

antibodies as a model system, the rates of antibody internalization by tumor cells were 

measured.  Fluorescence measurements using flow cytometry provided a quantitative and 

facile method for measuring trafficking kinetics that was higher throughput than imaging 

approaches and avoided artifacts of incomplete antibody stripping observed with acid 

washing protocols. 

With the exception of IgG M85151a (discussed below), all anti-CEA antibodies 

tested were internalized in LS174T cells slowly with uptake half times of 10-16 hours.  

This time scale is consistent with the metabolic turnover rate of CEA in the absence of 

antibody (t1/2 ~15 hours) suggesting that the antibodies are taken up passively with the 

antigen and do little to drive or modulate this uptake.  The antibodies have no effect on 

surface levels of CEA following binding, which is also consistent with a passive uptake 

mechanism.  Since CEA is a GPI linked protein with no cytoplasmic or transmembrane 
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protein domains, the observed uptake is likely the result of bulk membrane turnover 

rather than specific protein mediated pathways (11).  Such non-specific trafficking of 

CEA may explain the results of immunofluorescent microscopy experiments in which 

internalized anti-CEA antibodies colocalized partially but incompletely with markers of 

multiple endocytic pathways.   

Cellular trafficking studies in other systems have suggested that the affinity and 

valency of soluble ligands or antibodies may alter cellular uptake rates by influencing the 

fraction of molecules that are recycled to the cell surface following endocytosis, or by 

altering antigen clustering dynamics on the cell surface (30, 31).  In the case of the anti-

CEA scFvs examined here, however, no significant difference in uptake was observed for 

molecules with a range of affinity, stability, and valency.  The lack of an affinity 

dependency may suggest that CEA binding occupancy in the endosome has little effect 

on the fraction of antibodies that are recycled versus degraded, or alternatively, that both 

the high and low affinity antibodies are able to maintain antigen binding in the endosome 

due to the high concentration of CEA.  Similarly, the equivalent uptake of the 

monovalent and bivalent scFvs suggests that crosslinking of two CEA molecules on the 

cell surface has little effect on the antigen’s distribution or trafficking.  This result is 

consistent with previous observations that bivalent binding of IgGs against folate 

receptor, another GPI-linked protein, were insufficient to drive receptor clustering on the 

surface or increase uptake (32).   

In contrast, one antibody (IgG M85151a) did exhibit a distinct trafficking profile 

with a significantly faster net uptake rate (t1/2 ~ 5 hours) and the ability to downregulate 

surface CEA.  These properties were both valency dependent, as a monovalent Fab 
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fragment was internalized slowly and had no effect on surface CEA.  Both the M85151a 

IgG and Fab also bind with approximately twice as many molecules per cell at saturation 

as compared to other antibodies of equivalent valency.   The two-fold higher binding 

stoichiometry may indicate that these antibodies bind to an epitope that occurs more than 

once per CEA molecule, a phenomenon that has been reported for other anti-CEA 

monoclonal antibodies and attributed to the high sequence homology of repeat domains 

within the antigen (33-35).  If M85151a does in fact bind more than one epitope per CEA 

molecule, it may also provide a mechanism for the faster uptake.  Bivalent antibodies that 

bind to a single epitope per antigen can only crosslink two molecules.  In contrast, a 

bivalent molecule that binds more than one epitope per molecule may be able to crosslink 

larger clusters of antigens.  Previous studies have demonstrated that the formation of 

large clusters of GPI linked proteins can increase antigen localization in caveolae, as well 

as drive greater antigen internalization and downregulation (29, 32, 36).   

Although the experiments presented here indicate that the internalization of anti-

CEA antibodies in LS174T cells occurs slowly, this rate is sufficient to significantly 

hinder antibody movement into the tumor tissue.  In the accompanying paper, Thurber 

and Wittrup show that anti-CEA scFvs are able to penetrate significantly farther into 

LS174T spheroids when incubated at 20oC vs. 37oC due to reduced cellular 

internalization.  The authors also demonstrate that the internalization rates measured here 

can be used in a mathematical model to quantitatively predict the microdistribution of 

antibodies within the tumor spheroid.   

Based on these results and other computational predictions, we suggest that 

antibodies with slow cellular internalization rates should have advantages for most tumor 
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targeting applications due to their improved penetration and retention in the tumor (with 

the exception of immunotoxins and antibody-drugs that must be internalized to be 

cytotoxic (10)).  In some cases, it may be possible to engineer more slowly internalized 

antibodies by either selecting for proteins that are efficiently recycled following 

endocytosis or by using monovalent antibodies that avoid faster uptake due to antigen 

clustering.  Alternatively, antibody internalization may be reduced by targeting antigens 

with slower metabolic turnover.  One promising target is the colorectal cancer marker 

A33 which has extended cell surface persistence due to interactions at the tight junction 

(in preparation).   
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Figure 1:  Production and characterization of anti-CEA scFvs.  A, B:  SDS-PAGE 

analysis of scFvs under non-reducing (A) and reducing (B) conditions.  Purified 

scFvs were run on a 12% Bis-Tris gel with or without 100 mM DTT.  All antibody 

fragments run at their expected molecular weights and are ~99% pure.  C:  Cleavage of 

interdomain linker confirms that interdomain disulfide bond is formed in ds-scFvs.  

The peptide linker connecting the VH and VL domains of each scFv was cleaved with low 

concentrations of subtilisin, and samples were analyzed by SDS-PAGE.  Following linker 

cleavage, the native scFvs run as 14 kD proteins on a non-reducing SDS-PAGE gel 

indicative of separate VH and VL domains, while the disulfide stabilized fragments run as 

27 kD proteins as the interdomain disulfide holds the VH and VL together.  In the 

presence of DTT, the interdomain disulfide is reduced and the digested ds-scFvs run as 

separate VH and VL domains.  D: Interdomain disulfide bond increases functional 

protease stability of ds-scFvs.  Alexa-488 labeled anti-CEA scFvs with or without the 

interdomain disulfide bond were incubated with increasing concentration of subtilisin and 

used to label fixed LS174T cells at subsaturating concentrations.  The disulfide stabilized 

fragment maintains significantly greater binding activity following protease treatment.   

 

Figure 2:  Net cellular uptake rates of anti-CEA antibodies.  A.  Surface quenching 

allows for distinction of surface and internal antibody fractions.  LS174T cells were 

continuously incubated at 37oC in the presence of Alexa-488 labeled antibodies.  Total 

cellular fluorescence was measured at each time point by flow cytometry and the internal 

and surface fractions determined by surface quenching with an anti-Alexa-488 IgG as 

described in materials and methods.  Non-specific uptake was measured by pre-blocking 

CEA with a 100 fold excess of unlabeled antibody and was generally low.  Data pictured 

is for an individual experiment with ds-sm3E-D.  B:  Derivation of internalization rate 

ke.  Internal fluorescence values measured as in part A are plotted against the integral of 

the surface fluorescence determined by the trapezoidal rule and fit to a linear curve.  The 

slope of the linear fit is the internalization rate ke.  Data points pictured are pooled from 4 

separate experiments with ds-sm3E-D.  C:  Anti-CEA antibodies are generally 

internalized on a 10-16 hour time scale.  Internalization rates were determined for all 

antibodies and plotted as a half time for antibody net uptake.  With the exception of IgG 
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M85151a, all tested antibodies are internalized slowly with a half time of 10-16 hours.  

IgG M85151a is internalized significantly faster with a half time of ~5 hours (*p < 

0.001).  Half times are the average of 3-6 individual experiments for each antibody and 

error bars are SD.   

 

Figure 3:  Internalization limits antibody persistence on cell surface.  LS174T cells 

were pulse labeled with Alexa-488 conjugated antibodies on ice then chased at 37oC.  At 

each time point, cells were surface labeled with a PE conjugated secondary antibody, and 

the Alexa-488 signal (total cell associated antibody) and PE signal (surface antibody) 

measured by flow cytometry.  The difference between the total and surface antibody 

pools represents internalized antibodies.  The high affinity scFv sm3E (A) is slowly 

endocytosed from the cell surface while IgG M85151a (B) displays a more rapid decrease 

in surface antibody levels due to faster internalization. 

 

 

Figure 4:  Imaging anti-CEA antibody uptake.  A:  Anti-CEA antibodies are 

trafficked into intracellular pools at 37oC.  Trypsinized LS174T cells were surface 

labeled with Alexa-488 labeled IgG M85151a on ice and incubated for 24 hours at 4oC or 

37oC.  Cells were then labeled with goat-anti-mouse-PE and imaged on a deconvolution 

microscope.  When incubated at 37oC a significant fraction of the 488 labeled anti-CEA 

antibodies are endocytosed into an intracellular pool where they are not labeled by the 

secondary antibody.  Scale bar, 20 µm.  B:  Internalized anti-CEA antibodies partially 

colocalize with markers of endocytosis.  LS174T cells were incubated overnight at 

37oC with fluorescently labeled anti-CEA scFvs.  Cells were then washed and incubated 

for 1 hour with fluorescently labeled markers of endocytic and lysosomal pathways.  

Dual label images were taken on a deconvolution microscope.  The anti-CEA scFv shows 

partial but incomplete colocalization with all endocytic pathway markers.  Scale bar, 10 

µm. 

 

Figure 5:  Effect of antibodies on surface CEA levels.  A.  IgG M85151a partially 

downregulates surface CEA levels.  LS174T cells were incubated with unlabeled 
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antibodies at 37oC and the relative amount of surface CEA measured at each time point 

by labeling with an Alexa-488 labeled non-competitive antibody.  Incubation with IgG 

M85151a decreases surface CEA ~20%, while the other antibodies have no effect on 

surface CEA.  All measurements done in triplicate and error bars are SD.  B:  M85151a 

has twice as many cell bound molecules at saturation as other anti-CEA antibodies.  

LS174T cells were labeled to saturation with Alexa-488 conjugated antibodies and the 

number of molecules bound per cell calculated as described in materials and methods.  

Both the IgG and Fab versions of M85151a have approximately twice as many molecules 

bound at saturation as other antibodies of equivalent valency.  All measurements done in 

triplicate and error bars are SD.   

 

Figure 6:  Metabolic turnover of CEA.  Cell surface proteins were pulsed with biotin 

using an NHS-SS-biotin reagent and chased at 37oC.  At each time point, cells were 

lysed, biotinylated proteins pulled down with streptavadin resin, and the pulldown blotted 

for CEA as described in materials and methods.  Band intensities were normalized to the 

signal at time zero and fit to a negative exponential.  A.  Western blot from a single 

experiment.  B.  Pooled data from 3 separate experiments fit to a negative exponential.  

Each symbol in part B represents a different experiment.  CEA is degraded with a half 

time of 15 hours, similar to the internalization rate of the anti-CEA antibodies.  

 

Supplemental Figure 1:  Net internalization plots.  Net uptake data for individual 

antibodies plotted as described in Figure 2B and used to derive the net uptake rates (ke) 

displayed in Figure 2C. 
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