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ABSTRACT
Good pharmacokinetic (PK) behavior is a key prerequisite for sufficient efficacy of therapeutic monoclonal 
antibodies (mAbs). Fc glycosylation is a critical quality attribute (CQA) of mAbs, due to its impact on 
stability and effector functions. However, the effects of various IgG Fc glycoforms on antibody PK remain 
unclear. We used a combination of glycoengineering and glycoform-resolved PK measurements by mass 
spectrometry (MS) to assess glycoform effects on PK. Four differently glycoengineered mAbs, each still 
containing multiple glycoforms, were separately injected into rats. Rat models have been shown to be 
predictive of human PK. At different time points, blood was taken, from which the mAbs were purified and 
analyzed with a liquid chromatography-MS-based bottom-up glycoproteomics approach. This allowed us 
to follow changes in the glycosylation profiles of each glycoengineered mAb over time. Enzyme-linked 
immunosorbent assay measurements provided an absolute concentration in the form of a sum value for 
all glycoforms. Information from both readouts was then combined to calculate PK parameters per 
glycoform. Thereby, multiple glycoform kinetics were resolved within one mAb preparation. We con-
firmed increased clearance of high-mannose (Man5) and hybrid-type (Man5G0) glycoforms. Specifically, 
Man5 showed a 1.8 to 2.6-fold higher clearance than agalactosylated, complex glycans (G0F). 
Unexpectedly, clearance was even higher (4.7-fold) for the hybrid-type glycan Man5G0. In contrast, 
clearance of agalactosylated, monoantennary glycoforms (G0F-N) was only slightly increased over G0F 
(1.2 to 1.4-fold). Thus, monoantennary, hybrid-type and high-mannose glycoforms should be distin-
guished in CQA assessments. Strikingly, α2,3-linked sialylation did not affect clearance, contradicting 
the involvement of the asialoglycoprotein receptor in mAb clearance.
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Introduction

Desirable pharmacokinetic (PK) behavior is one of the key 
features that determines the success of a drug candidate. 
With respect to biopharmaceuticals, their biological activity is 
critically dependent on exposure.1,2 Slow clearance/long half- 
life reduces the necessary dose, decreases dosing intervals, and/ 
or may enable subcutaneous administration.3 These factors in 
turn reduce costs and may increase compliance.3 Less frequent 
dosing also reduces patient discomfort, as biopharmaceuticals 
are often formulated as injectables.

Today, monoclonal antibodies (mAbs) are widely used in 
therapeutic agents.4 They have revolutionized the treatment of 
cancer and autoimmune diseases in the past decades and con-
tinue to show great promise in these areas, as exemplified by 
the 2018 Nobel Prize in Physiology or Medicine.5 In contrast to 
their importance, the biotransformation of mAbs is generally 
not well understood. Especially, the changes in post- 
translational modifications induced by metabolism and the 
relationship between post-translational modifications and 
clearance have not been extensively investigated.

mAbs are mainly cleared from the body via lysosomal 
degradation in endothelial cells and hematopoietic cells.6 This 
happens either as part of the homeostatic protein turnover or 
in relation to immunological pathways.1 After nonspecific 
pinocytosis, immunoglobulin G (IgG) is transported to 
endosomes.3 A main factor influencing this clearance pathway 
of IgG-based mAbs is binding to the neonatal Fc receptor 
(FcRn) and consequent scavenging of IgG.7 FcRn is responsible 
for the exceptionally long half-life of IgG. Other molecular 
interactions, mainly with lectins, are thought to increase the 
clearance of mAbs.8 Mannose receptor9,10 and asialoglycopro-
tein receptor (also known as Ashwell-Morell receptor) have 
been implicated in this context.8 In addition, anti-drug anti-
bodies and target-mediated drug disposition may also contri-
bute to an increase in clearance of mAbs.11,12

Glycosylation is a complex co- and post-translational mod-
ification and a critical quality attribute for mAbs.13 It is critical 
to control glycosylation during the product life cycle and in 
development of biosimilars. Additionally, modulation of gly-
cosylation has also led to glycoengineered mAbs with enhanced 
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antibody-dependent cell-mediated cytotoxicity, such as 
obinutuzumab.14 Many studies have investigated the influence 
of mAb glycosylation on effector functions, such as antibody- 
dependent cellular cytotoxicity.13,15,16

The impact of mAb glycosylation on their PK remains 
controversial. Various influences have been reported.3,8 

However, these seem to be more pronounced in antibodies 
with glycosylation within the antigen-binding fragment (Fab) 
and IgG fusion proteins where the non-Fc glycans dominate 
glycan-dependent PK effects.17,18 Table 1 provides an overview 
of previously reported glycan effects in PK studies focusing on 
mAbs with only Fc glycosylation.

Studies in which no effect of Fc-glycosylation was observed 
have been reported, but one difference now seems to be well 
established: High mannose leads to faster clearance compared to 
complex Fc-glycoforms.3,21,23 Also, hybrid-type glycans, namely 
a mixture of Man5G0 and Man5G1, have been implicated in faster 
clearance.19 In this report, we maintain a strict distinction between 
hybrid-type glycans (Man5G0), containing more than three man-
noses, and monoantennary glycans (G0-N, G0F-N, and G1FS-N), 
containing only the three core mannoses (Figure 1).

Sialylation is known to decrease clearance in other biophar-
maceuticals, such as erythropoietin.25 Furthermore, terminal 
N-acetylglucosamine residues have been implicated in 
increased clearance of Fab-glycosylated antibodies and IgG 
fusion-proteins.17,26 However, neither sialylation nor terminal 
N-acetylglucosamine was investigated in mAbs that only exhi-
bit glycosylation in the Fc.

Differential FcRn binding could potentially explain clearance 
differences between glycoforms. Although oxidation at Met255 is 
reported to dominate FcRn binding with respect to the effects of 
post-translational modifications, small differences in FcRn bind-
ing have been reported for different glycoforms.27–29

Clearance mediated by naturally-occurring lectins on the 
surface of mammalian cells could provide another potential 
explanation for why specific glycoforms are preferentially 

cleared. The mannose receptor is a C-type lectin expressed on 
subsets of myeloid and endothelial cells.9 It has been demon-
strated to cause internalization of mannosylated fusion pro-
teins in mice into lysosomes of hepatic endothelial cells and 
splenic macrophages.10 This has a strong effect on clearance of 
mannosylated mAbs and fusion proteins, as demonstrated by 
prolonged high plasma concentrations upon parallel mannose 
receptor inhibition.10,30

Immunogenic glycoforms, such as N-glycolylneuraminic 
acid or α1,3-linked galactose, may increase the immunogeni-
city risk, and consequently lead to hypersensitivity reactions.13 

Since mannose receptor is also involved in antigen presenta-
tion, the chance for anti-drug antibodies might be greater when 
the mAb is cleared via mannose receptor.9,10

Target-mediated drug disposition might also be affected by 
glycosylation. For example, afucosylated mAbs could be 
cleared faster through their increased antibody-dependent cell- 
mediated cytotoxicity.31 However, the target of the herein used 
mAbs is not present in rats, hence excluding an impact of 
target-mediated drug disposition in the study.

Lastly, enzymatic activity of glycosidases and glycosyltrans-
ferase, to which the mAb may be exposed in serum or while 
transiently passing through blood cells, organs, or tissues, can 
alter the glycoform distribution of a therapeutic mAb. This is 
well established for large high-mannose glycoforms (Man6 to 
Man9), which are converted to Man5 via the action of natural 
mannosidase I.19,21,23 The presence of other glycosidases, such 
as sialidases and galactosidases, in human circulation and their 
involvement in protein turnover have been proposed as well.32

Rats have been used successfully in the past to predict non- 
target-mediated mechanisms of antibodies in humans. For 
example, the PK of CD4-IgG in humans could be predicted 
using data obtained in animals, including rats.33 Also, PK data 
in mice, rats, and cynomolgus monkeys were used to predict 
the PK of a recombinant humanized mAb against vascular 
endothelial growth factor in humans using allometric scaling.34

Table 1. Known and novel effects of Fc glycans on the pharmacokinetics of mAbs.

Results Study Species

No preferences for Fc glycans Huang et al.17 

Jones et al.18
Mouse 
Human/monkey

High-mannose-type glycans are cleared faster Kanda et al.19 

Chen et al.20 

Goetze et al.21 

Alessandri et al.22 

Higel et al.23 

This study

Mouse 
Human 
Human 
Human 
Rabbit 
Rat

Man5 is not cleared faster Chen et al.20 

Yu et al.24
Human 
Mouse

Enzymatic conversion of ManX(6–9) to Man5 Chen et al.20 

Goetze et al.21 

Alessandri et al.22 

Yu et al.24 

Higel et al.23

Human 
Human 
Human 
Mouse 
Rabbit

Hybrid type glycans are cleared faster* Kanda et al.19 

This study
Mouse 
Rat

Monoantennary glycans behave similarly to complex not hybrid type glycans This study Rat
Afucosylation has (almost) no effect Kanda et al.19 

This study
Mouse 
Rat

Galactosylation potentially decreases clearance This study Rat
Sialylation has no effect This study Rat

* While Kanda et al reported hybrid-type glycans (Man5G0 and Man5G1) to be cleared slower than high-mannose type, we 
found an at least similar effect of hybrid-type glycans (Man5G0).
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In order to study the differential impact of glycoforms on 
functional aspects, such as PK, of mAb therapeutics, mAbs 
enriched in individual glycoforms are needed. The production 
of these mAbs is referred to as glycoengineering. It is achieved 
either by altering the genetic makeup of cell lines, modifying 
culturing conditions, synthesizing the glycan, and adding it to 
the antibody or by chemoenzymatic modification of existing 
glycoforms. With the latter approach, we have produced herein 
three glycoengineered antibodies, one of which has not been 
reported before as accessible by chemoenzymatic in-vitro 
synthesis (see also Methods paragraph “Glycoengineering”; 
Figure 2 and S1). A fully galactosylated and α2,3-sialylated 
mAb with high fucosylation had been reported previously.35 

We also synthesized a high-mannose type with five mannoses24 

and a highly fucosylated, agalactosylated monoantennary mAb, 
in order to assess potential differences between high-mannose 
type and truncated complex type glycans in PK behavior. For 
clarification, our glycoengineering had no effect on the fuco-
sylation of the antibodies.

Next to approaching differential glycoform PK with gly-
coengineered antibodies and a classical quantitative enzyme- 
linked immunosorbent assay (ELISA), we also monitored 
clearance of mAbs in a glycoform-resolved manner by liquid 
chromatography-mass spectrometry (LC-MS). It allowed us to 
study a whole range of interesting minor glycoforms in parallel. 
Importantly, we were able to compare different glycoforms 
within one animal, giving better statistical power and conse-
quently higher resolution for small effect sizes. With respect to 

Figure 2. Pharmacokinetic study workflow. Four differentially glycosylated antibodies were injected into six rats each. Serum was taken at the indicated time-points. 
ELISA analysis yielded the total therapeutic antibody concentration. LC-MS after tryptic cleavage was used to generate glycosylation profiles of the Fc N-glycosylation of 
the mAbs. By combining both results, PK parameters could be calculated for each glycoform in each experiment.

Figure 1. Monoantennary and hybrid-type glycans should be carefully distinguished, as they have a strongly differential impact on pharmacokinetics. Mono- and 
diantennary glycoforms, containing only core mannoses, have relatively low clearance. Hybrid (Man5G0) and high mannose (Man5) type glycoforms which both contain 
additional outer mannoses show high clearance. The further decoration of the glycoforms, meaning the presence or absence of fucoses, galactoses and 
N-acetylneuraminic acid was found to be of only minor influence. Low clearance is often a desirable pharmacokinetic trait, as it reduces amount and interval of dosing.
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classical mAbs, an MS-based glycoform-resolved PK has been 
performed before in mice, rabbit, and humans,21,23 but no 
glycan-resolved studies in rats have been reported. A brief 
comparison of our results to previous studies can be found in 
Table1. More importantly, glycoengineering and glycan- 
resolved monitoring during the PK study have not been com-
bined before. Although MS analysis by itself allows individual 
glycoforms in a mAb preparation to be followed, glycoengi-
neering increases the number of glycoforms that can be 
assessed. It also allows study of the same glycoform as 
a minor and major constituent of a mixture, highlighting 
potential analytical or PK effects of differential relative abun-
dance of glycoforms.

Both ELISA and LC-MS can be operated at high sensitiv-
ities, which is essential for the low mAb concentrations 
encountered in the mechanistically interesting late time points 
of the PK curve. For the LC-MS approach, sensitivity, glyco-
profiling precision, and antibody selectivity have been demon-
strated previously, for example, in the glycoprofiling of 
antigen-specific antibodies. Measuring the mAbs against the 
background of natural antibodies of the model system is 

challenging. The glycopeptide-based approach for glycan- 
resolved PK monitoring greatly reduced the risk of interfer-
ences from contaminations during bioanalysis and allowed the 
selective monitoring of mAb glycoforms in the presence of 
a rat antibody background.

Results

Total antibody-based PK

Four groups, of six female Wistar rats each, were used in the PK 
study. Each group was injected with a single mAb preparation, 
which differed from each other in glycoform distribution, but 
shared the same primary sequence. The four mAb preparations 
(Figure 3) were neither mixed before injection nor did any 
animal receive more than one injection. The reference mAb 
showed an Fc glycosylation typical for Chinese hamster ovary 
cell production. The other mAbs had been glycoengineered 
(detailed in Figure S1) to have predominantly: 1) a high- 
mannose-type glycan with five mannoses (M5), 2) 
a fucosylated N-glycan core with a single N-acetylglucoseamine 

Figure 3. Glycosylation profiles of the four mAbs used in the rat PK study. All species are depicted which appear in any mAb >1% relative intensity (0.5% cutoff for 
visualization). The depicted values are obtained from LC-MS analysis of standards (thus not from material captured from animal serum). Complete glycoprofiling results 
can be found in Table S7.
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on the α1,3 arm (monoantennary; Mono), and 3) a fully galac-
tosylated, fully α2,3-sialylated glycan (ST3) (Figure 3 and Table 
S1 and S7). Rats were sampled at 15 time points between 5 min 
and 56 days (Figure 2 and Table S8). The concentrations of the 
mAbs were followed over time by ELISA. Table 2 depicts the PK 
values derived from these measurements. Only the M5 experi-
ment showed a tendency to deviate from the reference in terms 
of area-under-the-curve (AUC), clearance (CL), and half-life 
(t1/2) (see also Figure S2). However, the maximum concentration 
(cmax) and the distribution volume (Vss) did not deviate.

Glycoform-resolved PK

G0F is used throughout as a reference for the other 
glycoforms
We determined the mAb glycosylation profiles for each PK 
sample by LC-MS of tryptic Fc-glycopeptides (Table S8). We 
then combined the glycosylation profiles with the mAb con-
centrations determined by ELISA to obtain concentrations for 
each individual glycoform, which we used to calculate indivi-
dual PK parameters for each glycoform. Figure 4 depicts the 
concentration changes over time for the various glycoforms 
within the M5 mAb samples. Man5 clearly showed a faster 
decrease in concentration than G0F, while G1F behaved 

similarly to G0F. Interestingly, the slope of the Man5 curve in 
Figure 4 was quite different from that of the total antibody 
curve of the M5 mAb in the late time points, despite Man5 
comprising 86.6 ± 0.8% of the total glycosylation of the M5 
mAb initially. The slope of the M5 mAb elimination phase is 
more similar to that of the G0F and G1F curves. An overview of 
the changes in relative concentration over time and the PK 
parameters organized by an individual antibody is provided in 
Figure S4 and Supplementary Tables S2 to S5.

The Man5 high mannose and the Man5G0 hybrid glycan 
were cleared faster than the other glycoforms. When com-
pared to G0F, clearance was strongly increased and half-life 
was strongly decreased for Man5, as shown in Figure 5 and 
Table S6. Relative effect sizes for Man5 were largely consis-
tent between experiments, ranging from 1.8 to 2.6-fold 
change. The Man5G0 hybrid, observed in the Mono mAb, 
showed an extent of increased clearance (4.7-fold) similar to 
Man5.

Galactosylation decreased clearance while additional sialy-
lation did not. Relative to G0F, G1F showed a decreased clear-
ance and increased half-life, although, with 0.6 to 0.9-fold 
change, the effect was smaller. With an 0.7 and 0.8-fold change, 
respectively, G2S1F and G2S2F behaved similarly to G1F 
showing decreased clearance and increased half-life.

Table 2. Total antibody-based PK values. Values in bold tend to show a difference with the wildtype (p < .05). However, 
none of the results are significant after multiple testing correction.

Reference M5 Mono ST3

cmax [µg/mL] 28.0 ± 10.1 30.6 ± 2.2 32.3 ± 2.8 38.7 ± 10.3
AUC(0-inf) [day*µg/mL] 231 ± 26.6 180 ± 29.1 251 ± 34.5 288 ± 71.5
CL [mL/day/kg] 4.4 ± 0.5 5.7 ± 1.1 4.1 ± 0.6 3.7 ± 1.0
Vss [mL/kg] 95.2 ± 10.4 94.9 ± 16.0 82.1 ± 6.3 74.0 ± 26.7
t1/2 [days] 15.8 ± 1.6 12.6 ± 1.0 15.1 ± 2.2 14.5 ± 2.1

Figure 4. Concentration changes over time for the major constituents present in the M5 mAb preparation. Total antibody concentration (black) as well as most 
abundant glycoforms (color) are depicted. The faster clearance of Man5 is visible, especially for the later time points. Means and standard errors are shown.
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All other findings, including afucosylation and truncation, 
were of increased clearance and decreased half-life. Mostly, 
effect sizes were significantly smaller than for Man5. 
Truncation of the 1,6-arm increased clearance and decreased 
half-life, as exemplified by G0F-N (1.2 to 1.4-fold). 
Afucosylation also increased clearance and decreased half-life, 
as observed for G0 (1.1-fold). The increased clearance due to 
1,6-arm truncation and due to afucosylation seemed to be 
cumulative as suggested by the effect size order G0F- 
N≈ G0< G0-N. It must be noted that a corresponding decrease 
in half-life was only observed for G0F-N in the Mono mAb 
experiment and for G0-N (Table S6). However, these findings 
and consistent trends suggest an effect of 1,6-arm truncation 
and afucosylation also on half-life, the same as clearly demon-
strated for clearance (Figure 5). G2S1F-N showed slightly 
increased clearance (1.1-fold), but similar half-life as G0F. 

Hence, in comparison with G1F and G2S1F1, the effect of 
truncation seemed to be slightly larger than or equal to the 
effect of galactosylation. For G2S2, no differences in clearance 
or half-life to G0F were observed. The effects of galactosylation, 
sialylation, and afucosylation seemed to cancel each other out in 
G2S2. The composition H3N2F1 (core+F), which equals the 
fucosylated N-glycan core structure, showed an increased clear-
ance and decreased half-life compared to G0F. Interestingly, the 
effect size was far more similar to G0F-N as opposed to Man5 or 
the Man5G0 hybrid. All these changes lead to changes in the 
relative glycan composition of the Ab over time (Figure S4).

Discussion

The glycoform-resolved analysis clearly demonstrated advan-
tages over the classical approach. It allowed the pairing of 

Figure 5. Clearance values of individual glycoforms separately determined for each of the four mAbs. Furthermore, an indication of fold change and statistical 
significance of the difference compared to G0F is given. For nomenclature compare Figure S1 and Table S1. *p > .043; **p > .01; ***p > .001; ****p > .0001; 1not tested.
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results from the same individual rats, thereby increasing sta-
tistical power. Additionally, individual effects of glycans can be 
followed instead of having to rely on average effects. Levels of 
potential confounders, such as oxidation, are expected to be 
very similar for the different glycoforms of a mAb preparation, 
thereby omitting the need to monitor and correct for their 
impact on PK, e.g., through FcRn binding. This would allow 
an assessment of individual glycoforms from the reference 
antibody alone.

However, the glycoengineering provided additional key glyco-
forms at a level required for the glycoform-resolved approach. For 
example, it allowed the direct comparison of the monoantennary 
G0F-N and the hybrid-type Man5G0 species, which is crucial to 
the main findings of this study. Purity of the glycoengineered 
mAbs was very high. Thus, the N-acetylglucosaminyltransferase 
I-treated mAb and the α2,3-sialyltransferase-treated mAb would 
not have contained significant amounts of complex diantennary 
glycans. Therefore, the reference mAb was spiked at 10% relative 
concentration into these antibodies to obtain Mono and ST3 mAb 
prior to injection into the animals, facilitating the use of G0F for 
comparison across experiments when LC-MS readout was 
applied.

Previous publications have indicated the preferred clearance 
of high-mannose glycans.19,21,23 The total antibody measure-
ments yielded only tendencies of increased clearance, reduced 
half-life, and reduced AUC for the M5 experiment. Low statis-
tical power results partially from the necessary exclusion of two 
animals of the reference group. These animals showed 
a strongly increased clearance for unknown reasons (Figure 
S3). An initially suspected involvement of anti-drug antibodies 
could be excluded. Two of the six rats given the reference mAb 
showed anti-drug antibodies, but not the two rats with 
increased clearance (data not shown). In addition, the total 
PK measurement is a sum of the clearance of the heterogenic 
glycovariants and subtle differences in clearance values may 
not be detectable. Fortunately, the glycoform-resolved PK cal-
culations allowed a paired intra-individual comparison. 
Consequently, we could reproduce the strongly increased 
clearance of high-mannose-type glycoforms. A 1.8 to 2.6-fold 
increase was found for Man5 in the reference, M5, and ST3 
mAb experiments (Figure 5). Evidence has been presented 
linking this effect to interaction with mannose receptor.30

Additionally, the Man5G0 hybrid-type glycoform led to 
a strongly increased clearance in the Mono mAb experiment. 
Though one publication also demonstrated the faster clearance 
of hybrid-type structures compared to complex biantennary 
structures, therein a smaller effect size was observed as com-
pared to Man5.19 In our study, the Man5G0 hybrid had an even 
higher clearance rate (4.7-fold increase) than Man5 (1.8 to 
2.6-fold increase). However, the swainsonine-generated mAb 
used by Kanda et al. featured a mixture of Man5G0 and 
Man5G1 glycans.19 Maybe the (opposing) effect of galactose 
on clearance (see below) is more pronounced in these hybrid- 
types than in complex glycans. In summary, it seems that 
additional mannoses on top of the N-glycan core mannoses 
strongly increase clearance, even in the context of a hybrid- 
type glycoform.

However, exposed core mannoses do not strongly increase 
clearance, as can be deduced from the behavior of the 

monoantennary glycans G0F-N, G0-N, and G1S1F-N, as well 
as the core+F structure. These exhibited only a 1.2 to 1.4-fold, 
1.5 to 1.6-fold, 1.1-fold, and 1.4-fold increased clearance, 
respectively, significantly less than Man5 or the Man5G0 
hydrid. Interestingly, the truncation effect is not enhanced by 
the removal of the second antennary N-acetylglucosamine in 
the core+F structure.

Our method proved very powerful in detecting glycosyla-
tion effects on clearance. We discuss several more minor effects 
below. However, due to the comparably large effects, high 
mannose (Man5), and hybrid-type glycoforms (Man5G0) will 
be the only minor glycoforms affecting the overall PK behavior 
of a mAb relevantly.

Like truncation, afucosylation leads to only a limited increase in 
clearance, as can be seen when comparing G0 to G0F (1.1-fold 
increase) in the reference mAb and G0-N to G0F-N (1.2 to 1.3-fold 
difference) in the reference and Mono mAbs. The very small 
clearance difference of afucosylation is unlikely to translate to 
a significant impact on the overall PK behavior of a regular 
mAb, such as the reference mAb. This means the effect will not 
be detectable with classical ELISA-based approaches. Thus, our 
findings are consistent with previous reports by Kanda et al. who 
did not report an effect when comparing an afucosylated (FUT8 
knockout) and a fucosylated version of rituximab.19 The faster 
clearance of afucosylated mAbs may be due to their strongly 
increased Fc gamma receptor IIIa affinity,31 although the opsoni-
zation route required for a productive receptor involvement is 
unknown. Thus, an alternative explanation is that the relative 
contribution of Fc gamma receptor-mediated internalization and 
consequently clearance of afucosylated mAbs might be higher in 
(this specific dose of) the herein used mAb than in rituximab. The 
difference in model systems (rats versus mice) should also be 
considered.

The only glycosylation feature that we found to decrease 
clearance was galactosylation. G1F was consistently cleared slower 
than G0F in all experiments (0.9 to 0.6-fold change; 1.1 to 1.6-fold 
decrease), although the difference was significantly smaller than 
for Man5 (1.8 to 2.6-fold). Here, mannose receptor may play 
a role as well, since it has a significant affinity for terminal 
N-acetylglucosamine.9 In fact, the effect has been observed for 
Fab glycosylation and the receptor glycans of a fusion protein, and 
was, in both cases, speculated to be the result of mannose receptor 
affinity of terminal N-acetylglucosamine.17,26 It is unclear why this 
effect was not observed in previous glycoform-resolved studies of 
Fc-only antibodies.21–23 Probably some experimental and analysis 
choices may explain a lower sensitivity. Higel et al. compared each 
glycoform to the total antibody, instead of comparing two glyco-
forms directly, and used unpaired t-tests.23 We followed the rats 
for longer and/or with a higher density of sampling than was 
chosen in other studies.21,22 All these aspects could be crucial for 
the detection of minor differences.

While sialylation could be expected to decrease clearance, we 
did not observe an effect of the α2,3-linked sialylation investi-
gated in the ST3 mAb. G2S1F and G2S2F had the same clearance 
rate and neither behaved differently from G1F. Thus, their 
decreased clearance compared to G0F likely results from 
increased galactosylation. The findings with regard to sialylation 
discourage an involvement of the asialoglycoprotein receptor in 
the differential clearance of Fc-only mAbs. So far, its 
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involvement has not been demonstrated for immunoglobulin G, 
mAbs, or other antibody-based formats directly. Furthermore, 
only low affinity toward the receptor was reported for diantenn-
ary glycans, which supports our findings.36,37

Noticeable differences in the calculated clearance values of the 
same glycoform between different experiments were observed 
(Figure 5 and Table S6). Clearance pathways shared with the 
large excess of natural antibodies are unlikely to cause this varia-
tion. However, more specific, saturable pathways may explain 
how, for example, a large amount of Man5 glycoforms would 
further decrease the clearance of G0F and G1F glycoforms. 
Saturation might also explain why Man5 is cleared faster in the 
reference where it is not competing as strongly with itself as in the 
M5 sample.

Figure 4 underlines that the late elimination phase of the PK 
is dominated by the glycoforms with a slower clearance. 
Consequently, the whole PK behavior changes in the late 
elimination phase if there are minor glycoforms with slower 
clearance than the major glycoforms. Since the late elimination 
phase determines when the antibody concentration drops 
below the minimal therapeutic concentration and re- 
administration is necessary, special attention should probably 
be directed to glycoforms with relevantly slower clearance. This 
again stresses the importance to perform PK measurements in 
a glycoform-resolved way.

In our investigation, only galactosylation decreased clear-
ance slightly compared to G0F (1.1 to 1.6-fold decrease). G1F is 
also a major glycan in the reference mAb, which is true for 
many mAbs from the most widespread production systems.38 

However, especially in the reference mAb, the effect on clear-
ance was very small (1.1-fold decrease). Is the value from the 
reference mAb more reliable due to the higher abundance? Or 
is the difference from the other experiments more accurate, 
because G0F and G1F are paired with the same glycoform, 
instead of being preferentially paired with each other, thus 
resulting in an averaged apparent effect for both in the refer-
ence mAb? This is an important aspect that needs to be further 
studied in order to judge the potential impact on the overall PK 
behavior. Furthermore, the impact of a second galactose and/or 
the impact of α1,3 vs α1,6-antennary isomers will be important 
to conclude on the overall contribution of galactosylation.

Although FcRn has been reported to only have a small 
glycoform preference,28,29 its key importance in suppressing 
mAb clearance may well explain part of the differences 
observed. FcRn was reported to have a slightly higher affinity 
for galactosylated glycoforms. This is consistent with the 
reduced clearance of galactosylated glycoforms observed 
herein. Classically, the strong negative effect of Met255 oxida-
tion on FcRn binding27 may lead to artifacts when comparing 
the PK of different antibodies, such as glycoengineered var-
iants, with potentially different oxidation status. With the 
glycoform-resolved approach, this confounder is eliminated 
as PK values are compared within one batch of antibody.

Next to demonstrating the utility of our approach, we aimed 
at elucidating the influence of the exposed core mannose in 
monoantennary glycoforms. Traditionally, it has been assumed 
that monoantennary glycans without, and hybrid-type glycans 
with, outer mannoses would behave similarly to high-mannose 
glycans in PK. Consequently, these have often been grouped 

together. Interestingly, the monoantennary glycoforms showed 
PK behavior more similar to diantennary complex glycoforms, 
suggesting no strong interaction of these exposed core mannoses 
with clearance receptors. This is in stark contrast not only to the 
findings for Man5, but also the hybrid-type glycan Man5G0. The 
Man5G0 hybrid was also cleared 4.7-fold faster than G0F, con-
firming a previous report on faster clearance of hybrid-type 
structures.19 Due to their very different impact on PK, it will 
be important to rigorously distinguish between monoantennary, 
hybrid-type, and high-mannose glycans in the characterization 
of mAbs. This may be especially challenging in human embryo-
nic kidney cell-produced mAbs, since bisected hybrids and non- 
bisected complex glycans show compositional isomerism.

In the future, it may be interesting to further dissect the 
origin of differential PK of the glycoforms. For example, com-
paring mAbs with different levels of Fc gamma receptor affinity 
may make it possible to link the afucosylation effect to an 
involvement of this receptor or disprove this hypothesis. As 
discussed above, more research is necessary to judge whether 
galactosylation has to be viewed as a feature impacting overall 
antibody PK. Studies with differentially galactosylated antibo-
dies, ideally including G0F, G1F(α1,3), G1F(α1,6), and G2F as 
pure glycoengineered antibodies, would likely provide the most 
reliable insights on this aspect. Additionally, alternative routes 
of administration may produce additional glycoform effects. 
Thus, it may be worthwhile investigating glycoform-resolved 
PK after subcutaneous application since there is an increasing 
focus on this administration route. Importantly, our approach 
could potentially reduce the number of animals needed to 
dissect glycosylation effects because multiple glycoforms of 
a mAb can be studied in the same animal simultaneously.

Materials and methods

Glycoengineering

Four different glycoform variants of an IgG1 mAb were prepared 
in house and used for the rat PK studies: 1) a variant with 
common Chinese hamster ovary cell glycosylation (reference 
mAb), 2) a variant containing mainly high-mannose glycans 
with five mannoses (M5 mAb), 3) a fully galactosylated and 
highly sialylated variant (ST3 mAb) and 4) a monoantennary 
glycan variant (Mono mAb); see Figure S1. The reference mAb 
was derived from a standard fermentation process. ST3 mAb 
and Mono mAb were prepared from the reference mAb, using 
a chemo-enzymatic approach with different glycosidases and 
glycosyltransferases. The M5 variant was obtained from 
a fermentation process with addition of kifunensine and subse-
quent enzymatic treatment. All enzymatic steps were followed by 
Protein A chromatography-based purification of the (intermedi-
ate) product. All final mAbs were sterilized with an 0.2 µm filter 
unit. M5 and Mono mAb were spiked with 10% reference mAb, 
so they would contain G0F in measurable quantities as 
a reference glycan for glycoform-resolved analysis by LC-MS.

To obtain the M5 mAb, 0.1 µg/mL kifunensine was added to 
the basal medium of the regular fermentation process. After 
harvest, 5.1 mg mannosidase A (in house) was added per 
200 mg of antibody in 100 mM sodium acetate, 0.5 mM 
CaCl2, pH 5.0, and incubated at 37°C for 24 h.
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For generation of the Mono mAb, the reference material was 
subjected to enzymatic degalactosylation of 45 mg antibody with 
225 µL (0.45 U) β(1–4)-galactosidase (Prozyme, GKX-5014) for 
22 hours at 37°C. Afterward, 30 mg of the gained G0F variant was 
further processed with 850 µl (255 U) N-acetylhexosaminidases in 
the recommended buffer (Prozyme, GKX-5023) for 24 h at 37°C. 
The resulting intermediate contained only the fucosylated 
N-glycan core (core+F). The final Mono mAb, containing mainly 
G0F-N (α1-3), was yielded by treatment with N-acetylglucosamine 
transferase I, N-acetylglucosaminyltransferase I (a gift from the 
Complex Carbohydrate Research Center, Athens, Georgia, USA) 
in order to specifically add N-acetylglucosamine to the α1,3-linked 
mannose branch. 200 µL (200 µg) N-acetylglucosaminyl 
transferase I were added to 30 mg of the core+F enriched antibody 
and incubated at 37°C for 17 hours in 25 mM MES buffer (pH 6.0), 
containing 10 mM MnCl2 and 4 mg/mL UDP-N-acetyl 
glucosamine.

Enzymatic preparation of the ST3 mAb started with hyper- 
galactosylation of the reference mAb for 24 hours at 37°C. 
400 mg IgG1 (c = 25 mg/ml) was mixed with 62.8 ml reaction 
buffer (10 mM UDP-Gal, 5 mM MnCl2, 100 mM MES, pH 6.5) 
and 2 mg β(1–4)-galactosyltransferase (Roche, cat. no. 
08098182103). For the sialylation reaction, 145 mg CMP- 
NANA (10 mg/ml in water) and 29 mg α2,3-sialyltransferase, 
ST3 (Roche, cat. no. 07429916103), were added to 290 mg of 
the hyper-galactosylated intermediate. Furthermore, alkaline 
phosphatase (AP) and ZnCl2 were added to the sample (final 
concentration: 200 nM AP, 0.1 mM ZnCl2). The mixture was 
incubated for 24 hours at 37°C.

Single-dose PK study

The animal studies, described below, were performed in accor-
dance with animal welfare laws and were approved by the 
Covance Harrogate ethical review committee. The reference 
mAb and the three glycovariants, M5, ST3, and Mono mAb, 
were studied in four independent experiments in a rat model 
with six biological replicates for each mAb. None of the mAbs 
is cross-reactive in rats. Female Wistar rats (Charles River, UK) 
received a single intravenous injection of either the reference 
mAb, the M5 mAb, the ST3 mAb, or the Mono mAb (Figure 
2); but never a mixture of multiple glycovariants, although each 
glycovariant does contain a mixture of glycoforms (Figure 3). 
Antibodies were administered via a lateral tail vein, at a dose of 
1 mg/kg, as a bolus. Before administration, antibodies were 
diluted in a solution of 5 mM histidine, 60 mM trehalose, 
0.01% Tween 20 pH 6.0. Consecutive blood samples were 
taken from all six animals in each of the four groups at pre- 
dose, as well as 0.0833, 2, 4, 8, and 24 h, and days 3, 7, 10, 14, 21, 
28, 35, 42, 49, and 56 post-dose, in each group. Each group 
consisted of six animals. Blood samples were taken from the 
tail vein of each animal and allowed to clot at room tempera-
ture prior to centrifuging at 3000 rpm for 10 min at 4°C. 
Thereafter, blood samples were stored at −20°C.

Concentration measurements

Wistar rat serum samples were analyzed with an ELISA 
method specific for human IgG or Fab CH1/kappa domain 

using a cobas e411 instrument. Briefly, test samples of M5 
mAB, ST3 mAB, Mono mAb, and reference mAB, first detec-
tion antibody mAb <H-Fab(kappa)> IgG-Bi, second detection 
antibody mAb <H-Fab(CH1)> IgG-Ru, and Streptavidin (SA)- 
beads were added stepwise to a detection vessel and incubated 
for 9 minutes in each step. Finally, the SA-bead-bound com-
plex was detected in a measuring cell counting the SA-beads in 
repeat. The counts are proportional to the analyte concentra-
tion in the test sample. The lower limit of quantitation was 
14 ng/mL. The assay had a dynamic range of 14 to 30.000 ng/ 
ml in 100% matrix.

Purification of mAbs from rat plasma and LC-MS 
glycopeptide analysis

The approach was similar to the analysis of human IgG from 
human plasma, as published previously.39 10 µL rat plasma, 
10 µL phosphate-buffered saline, and 5 µL CaptureSelect™ Fc 
(Hu) beads (agarose beads with immobilized anti-IgG antibody; 
ThermoFisher Scientific) were mixed, washed 3x each with 200 µL 
phosphate-buffered saline and water, and eluted at 500 x g for 60 
s in 100 µL 100 mM formic acid (analytical grade; Sigma-Aldrich, 
Steinheim, Germany). After drying, samples were re-dissolved in 
40 µL 25 mM ammonium bicarbonate containing 0.5 µg TCPK- 
treated trypsin (Sigma-Aldrich) and incubated overnight. 
Resulting tryptic glycopeptides were analyzed by RP-nanoLC- 
MS. An Acclaim PepMap 100 C18 column 150 × 0.075 mm with 
3 µm particles was operated at 700 nL/min flow in an Ultimate 
3000 RSLCnano LC system (ThermoFisher Scientific) and 
detected on a maXis™ quadrupole-time-of-flight mass spectro-
meter equipped with a nanoBooster™ nanoESI source (Bruker, 
Leiden, The Netherlands). Glycopeptides were ionized as reported 
elsewhere.39 A binary gradient, with solvent A, consisting of 0.1% 
formic acid in water, and solvent B, consisting of 95% acetonitrile 
with 0.1% formic acid, was as applied as follows: After 5 min 3% B, 
linear gradient to 27% B at 20 min, followed by washing at 70% 
B from 21 to 23 min and re-equilibration at 3% B from 24 to 
42 min. Acetonitrile was obtained as LC-MS grade (Biosolve, 
Valkenswaard, The Netherlands).

Data processing, non-compartmental PK analysis and 
statistics

Automated data (pre-)processing was done with LaCyTools 
version 1.0.1 build 8 similarly as previously described.39,40 

Importantly, due to the higher resolution and mass accuracy of 
the quadrupole-time-of-flight mass spectrometer we used, the 
extraction window could be reduced to 0.065 Th (Thomson; unit 
describing m/z differences; defined as Dalton per elementary 
charge; for example, the difference between m/z 1000 and m/z 
1001 is 1 thomson). Individual concentrations of each detected 
glycoform in each sample were created by multiplying the rela-
tive abundance obtained from the LC-MS measurements with 
the concentrations obtained by the ELISA measurements 
(furthermore referred to as glycoform-resolved). Sufficient line-
arity and lower limit of quantitation of this approach are exem-
plified in Figure S5.

The PK parameters were derived from the individual concen-
tration data and were estimated by non-compartmental analysis, 
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using the kinetic evaluation program Phoenix® WinNonlin (6.4 
NY, USA). PK data were calculated for each rat using individual 
serum concentration-time data. Two rats in the wild-type group 
were excluded from the analysis due to the accelerated clearance 
observed in these animals. To determine the PK parameters of 
the measured glycans in serum, the dose was adjusted according 
to the composition of the glycans in the material pre-dose.

Visualization and statistical evaluation of the obtained PK 
parameters were performed in GraphPad Prism 8 (GraphPad 
Software, San Diego, US). ELISA-derived PK parameters were 
analyzed with a Welch’s test. For the glycoform-resolved PK 
parameters, glycoforms could be compared within the same 
animal by a paired t-test. Owing to the use of inbred rats, low 
biological variation and therefore normality was assumed. This 
was confirmed by a Shapiro–Wilk test and one exception was 
treated as a false-negative under the generally handled 5% false 
discovery rate. Multiple testing correction was applied sepa-
rately to the ELISA-derived and glycoform-resolved PK para-
meter comparisons using the Benjamini-Hochberg approach 
with 5% false discovery rate.
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