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A B S T R A C T

Polyethylene glycol (PEG) is widely used as a standard stealth polymer, although the induction of anti-PEG 
antibodies and consequent effects have drawn attention in recent years. To date, several anti-PEG antibodies 
induced by PEG-modified proteins via the T cell-dependent (TD) pathway, in which affinity maturation occurs, 
have been reported. In contrast, structures of the naïve anti-PEG antibodies before affinity maturation have not 
been described in the literature. Here, to understand the details of the naïve anti-PEG antibodies capturing PEG, 
we studied a naïve anti-PEG antibody induced by a PEG-modified liposome in the absence of affinity maturation 
via the T cell-independent (TI) pathway. The mutation levels, structures as well as in vitro and in silico binding 
properties of TI and TD anti-PEG antibodies were compared. The TI anti-PEG antibody showed no mutation and a 
low binding affinity toward PEG, meanwhile, it allowed PEG chain sliding and weak interaction with the ter
minal group. Furthermore, the naïve anti-PEG antibodies may obtain high affinities by forming tunnel structures 
via minimal mutations. This research provides new insights into polymer–antibody interactions, which can 
facilitate the development of novel stealth polymers that can avoid antibody induction.

1. Introduction

Polyethylene glycol (PEG) is a water-soluble polymer with a weakly 
hydrophobic ethylene and a weakly hydrophilic oxygen as a repeating 
unit. PEG has no side groups and is highly flexible due to the ether bond 

in the main chain. Because of these properties, PEG has a low binding 
affinity toward biomolecules, such as proteins [1]. Therefore, in the past 
30 years, PEG has been used as a standard stealth polymer to modify 
therapeutics such as biomolecules and nanomedicines for enhanced 
blood retention times and reduced immunogenicity [1]. Nevertheless, 
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accumulating evidence has shown that PEG can also induce the pro
duction of antibodies that act against PEG itself [2]. Anti-PEG antibodies 
lead to accelerated clearance of PEG-modified therapeutics and severe 
hypersensitive reactions in some cases [2]. Therefore, it is necessary to 
clarify the mechanism of antibody induction by PEG to develop 
improved molecular designs and formulations, thus avoiding immune 
reactions toward stealth polymers.

To gain insight to avoid antibody induction toward PEG, it is 
necessary to understand the recognition of PEG by naïve B cell receptors 
(BCRs), which are the causal initial process for the induction of anti-PEG 
antibodies. Several anti-PEG immunoglobulin G (IgG) clones and their 
binding complexes with PEG have been revealed through crystallog
raphy [3–6], in which some motifs for capture of PEG were clarified. 
However, all these reported clones were obtained by using PEG- 
modified proteins that would induce antibodies by T cell-dependent 
(TD) pathway, in which mutations happened in the variable region of 
antibodies can raise the affinity toward PEG [2]. The PEG recognition of 
the mutated antibodies cannot accurately reflect the PEG recognition of 
the naïve BCRs. PEG-modified therapeutics without protein content, 
such as liposomes and oligonucleotides, would induce anti-PEG immu
noglobulin M (IgM) via the T cell-independent (TI) pathway without 
affinity maturation. We hypothesized that analysis of those IgMs 
induced by the TI pathway will unveil the initial PEG recognition by 
naïve BCRs.

Herein we report the first structural study of an anti-PEG IgM 
induced by a PEG-modified liposome (PEG-liposome) via the TI 
pathway. To understand the mechanism by which BCRs on naïve B cells 
recognize PEG-containing objects, we studied this TI anti-PEG IgM. We 
also reconstructed the naïve structure of a TD anti-PEG antibody 
induced by PEG-modified ovalbumin (PEG-OVA) to understand the af
finity maturation process. The present work provides insights into each 
process in the induction of anti-PEG antibodies, which will facilitate the 
molecular design of stealth polymers that can evade the induction of 
anti-polymer antibodies.

2. Results

2.1. Anti-PEG IgM

Using the method reported in our previous study [7], we obtained 
anti-PEG IgM clones M9 and M11 from BALB/c mice, via the immuni
zation of methoxy-PEG2k-liposomes and methoxy-PEG40k-OVA, 
respectively. M9 and M11 IgMs were expected to be generated from 
the TI and TD pathways, respectively. Fig. 1 shows the first recognition 
event between PEG-containing objects and specific BCRs on naïve B 
cells, in which each component is drawn to reflect its actual molecular 
size. In the case of the liposome, multiple methoxy-PEG (mPEG) chains 
on the liposome will be able to crosslink BCRs to induce intracellular 
signaling for differentiation of the naïve B cell into IgM-producing 

plasma cells (TI pathway). In contrast, PEG-OVA with a small size 
may make it difficult to crosslink BCRs. Here naïve B cell requires 
stimulation by helper T cells to differentiate into plasma cells, which is 
conducted via recognition of OVA-derived peptide fragments by the 
helper T cells (TD pathway). Through the process, mutations in the Fv 
regions of BCR happen to raise the affinity of complementarity- 
determining regions (CDRs) to PEG.

We reported previously that M9 shows a higher affinity toward 
methoxy terminal PEG (mPEG) than hydroxy terminal PEG (OH-PEG), 
whereas M11 shows no difference in affinity toward mPEG and OH- 
PEG7. The DNA sequences of M9 and M11 Fv regions were compared 
using the V(D)J database of BALB/c mice to identify mutations from 
germline sequences (Fig. 2). In M9, no such mutations were observed as 
expected. By contrast, mutations were observed in the heavy chain of 
M11, between CDR2 and CDR3. Within these mutations, four point 
mutations resulted in three amino acid changes in the linker region and 
CDR3, and a 6-base insertion resulted in a Val-Ala insertion in HCDR3 
(Supplementary Fig. 1a). As a comparison, we analyzed two anti-PEG 
IgG clones (3.3 and 6.3) [3,4], similarly. These IgG clones were gener
ated from the TD pathway and are highly mutated. Noticeably, an 
insertion also occurred in the HCDR3 of 6.3 (Supplementary Fig. 1b), 
which has a similar function to the insertion in the M11 HCDR3 and is 
critical to raising affinity to PEG (discussed later).

We evaluated the binding of M9 and M11 IgM to PEG using surface 
plasmon resonance (SPR). M9 and M11 showed concentration- 
dependent binding responses, and M9 showed weaker responses than 
M11 (Supplementary Fig. 2). M11 showed similar levels of responses for 
both OH-PEG and mPEG, while M9 showed higher responses to mPEG 
than OH-PEG. These results were consistent with our previous report 
[7], showing that M11 acquired higher affinity against PEG compared 
with M9 and M9 is more specific to mPEG than OH-PEG; however, 
binding parameters of both M9 and M11 toward PEGs were difficult to 
be determined due to the weak response. We further proved the higher 
affinity of M11 than M9 to PEG by 1H nuclear magnetic resonance 
(Supplementary Fig. 3).

2.2. Structural analysis of anti-PEG antibodies

To elucidate the PEG recognition mechanism of M9 and M11 anti
bodies, we prepared crystals using PEG3350 (degree of polymerization, 
n ~ 76) and determined the crystal structures of Fv-clasp constructs of 
M9 and M11 in complexes with PEG. We employed Fv-clasp constructs, 
that is a Fv fragment formed via a coiled-coil domain as a template to 
enhance the correct paring of heavy and light chains [8]. Supplementary 
Fig. 4 and Fig. 3 show the overall structures of Fv-clasp complexed with 
PEG and magnification of PEG recognition sites in each complex, 
respectively. 12 and 8 repeat units of PEG3350 showed clear electron 
densities as epitopes in the M9 and M11, respectively.

In the M9-PEG complex, a 12-mer PEG epitope formed a hairpin 

Fig. 1. Illustration of the recognition of PEG-containing objects by specific BCRs on B cells drawn to reflect the molecular size of each component. (a) Recognition of 
mPEG2k-liposome. BCR, mPEG2k, and liposome are drawn with diameters of ~10 nm, 3.6 nm, and 100 nm, respectively. (b) Recognition of mPEG40k-OVA. 
mPEG40k and OVA are drawn with diameters of 14 nm and 6 nm, respectively. Blue dots indicate the methoxy terminus of mPEG. Scale bar: 10 nm. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Identification of V(D)J regions and mutations in DNA sequences of anti-PEG antibodies. Results of the heavy chain Fv region and the light chain Fv region, 
respectively. Blue and red fonts indicate changes in DNA and amino acid sequences, respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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structure and was embedded into a pocket surrounded by HCDR2, 
HCDR3, LCDR1, and LCDR3 (Fig. 3a, b). In the M11-PEG complex, an 8- 
mer PEG epitope passed through a groove (Fig. 3e, f). Above the groove, 
Y106H in HCDR3 and W34H in HCDR1 formed a tunnel with a diameter 
of approximately 6.8–8.8 Å, which prevents the release of PEG chains. 
This structural feature was interpreted as critical to the high PEG 
binding affinity of M11. Val-Ala was found to be inserted just before the 
Y106H during affinity maturation (Supplementary Fig. 1a). To 

understand the effect of the insertion, the predicted structures of the 
naïve M11 single chain Fv (scFv) fragment, in which mutations were 
returned to the original sequences were generated by AlphaFold2. The 
naïve M11 shows a groove similar to that in the M11 paratope but the 
tunnel of Y–W above the groove disappeared for the original position of 
Y (Supplementary Fig. 5). This result indicates that Val-Ala insertion 
shifted the Y106H position, which allowed the formation of the tunnel 
structure. Comparably, clone 6.3 has been reported to have a tunnel 

Fig. 3. Structural analysis of complexes of anti-PEG IgM Fv-clasp and PEG. Structure (a, e), electrostatic-potential surface (b, f), and PEG B-factor (c, g) in M9- 
PEG3350 (a-c) and M11-PEG3350 complex (e-g). Magnified view of interactions of PEG3350 with M9 (d) and M11 (h). Comparison of structures of M9 with 
PEG3350 (i), PEG2000 MME (j), and PEG550 DME (k). The arrow in k points to the methoxy terminus of PEG550 DME.
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structure to capture PEG chains similar to that in M11 [4]. A similar 
insertion of Gly just before a Y–W tunnel structure was found in the 
heavy chain of clone 6.3 (Fig. 2, Supplementary Fig. 1b), which seems to 
be critical for tunnel formation. Thus, insertion of one or two amino 
residues would be a common mutation to capture PEG chains via tunnel 
formation.

The mode of molecular interactions of M9 and M11 with PEG was 
compared. In the M9-PEG recognition, B-factor values of the hairpin 
loop of PEG are low, indicating the restricted mobility of this region by 

the tight recognition of M9 (Fig. 3c). The loop is recognized via water- 
mediated hydrogen bonding with D102H and hydrophobic interactions 
with Y38L and Y106H (Fig. 3d). One water molecule was bound to the 
center of the loop of the bound PEG (pointed by arrow in Fig. 3d), which 
stabilized the loop structure. M9 utilizes water molecules effectively to 
recognize the PEG chain. In contrast, in the M11-PEG recognition, water 
molecules are excluded from the interface. The center of the bound PEG 
chain that passes through the tunnel structure has low B-factor values 
(Fig. 3g). This region is recognized by multiple hydrophobic interactions 

Fig. 4. Interactions between Fv-clasp and PEG. (a) Minimum PEG–paratope distance defined as the minimum inter-center of mass distance between the paratope and 
the closest PEG unit (upper graph) and PEG unit number closest to the paratope (lower graph) during representative MD simulations for M9 (left) and M11 (right). 
The center of mass of the paratopes is defined as the center of mass of S98–W102 (the light chain) and Y101–Y105 (the heavy chain) of M9 and that of S98–W102 (the 
light chain) and R101–N105 (the heavy chain) of M11. Red triangles indicate when Fv-claps/PEG complexes are dissociated. (b) Mean square displacements (MSD) of 
PEG sliding shown by the nearest PEG unit numbers closest to the paratope of M9 and M11 as a function of time. Δ represents a shift of PEG unit number caused by 
PEG sliding. Lines and shades represent averages and standard errors, respectively. (c) Numbers of direct hydrogen bonds between PEG and the paratope of M9 and 
M11. (d) Distributions of the minimum distance between the PEG terminus (PEG unit #1 or #50) and the Fv-clasp of M9 and M11 indicated by probability density. 
(e) Contact probabilities between residues in Fv-clasp and the PEG terminus (PEG unit #1 or #50) shown by fraction of contacted time (%). Contacts were made if the 
minimum inter-heavy atom distance between the pairs was ≤0.5 nm. Top 5 amino acid residues in M9 are marked. Red and green bars show residues in heavy and 
light chains, respectively. Fractions were calculated within the period of PEG binding with paratope in respective simulations. (d) to (f) are from the sum of six 
simulations for each complex. (f) Top five amino acid residues of M9 in panel e are marked in crystal structure. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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with W34H, Y106H, Y109H, and Y38L, where water molecules are 
excluded (Fig. 3h). Both crystals of M9 and M11 complexed with PEG 
included two molecules in a unit cell. Features of PEG recognitions 
mentioned above for M9 and M11 were consistent for the two molecules 
(Supplementary Fig. 6).

To understand the structural features needed for terminal methoxy 
group recognition by M9, we compared the crystal structures of M9 in 
complexes with short PEG550 DME (methoxy group at both termini, n 
~ 13) and PEG2000 MME (methoxy group at one terminus, n ~ 45) with 
PEG3350 (hydroxy group at both termini, n ~ 76). All three complexes 
shared a similar paratope structure in M9 and epitope shape in PEG 
chains (Fig. 3i-k). Of note, one terminal methoxy group was located 
within the paratope in the complex with a very short PEG550 DME 
(Fig. 3k, Supplementary Fig. 7). Such a location of the methoxy terminal 
within the paratope was not observed in the complex with longer 
PEG2000 MME although it has methoxy terminus (Fig. 3j). These results 
indicates that the terminal methoxy group recognition by the paratope 
observed in PEG550 DME is not strong.

2.3. Molecular dynamics (MD) simulations of anti-PEG antibodies

To investigate the effects of the terminal group of PEG on the binding 
of PEG to anti-PEG IgM in detail, MD simulations of the binding of PEG 
to Fv-clasp constructs were carried out. The simulations were set up 
using the crystal structures of M9 and M11 Fv-clasp constructs. PEG 2 k 
(n = 50) was set up on the original PEG epitope at the center of the PEG 
chain, and independent MD simulations were conducted 6 times for each 
clone (Supplementary videos 1–12). PEG was bound to the paratope 
with a close distance of approximately 5 Å until it was released after a 
certain time (Fig. 4a upper panel, and Supplementary Fig. 8). M9 had a 
shorter epitope–paratope binding duration than M11 (less than 100 ns in 
4 of 6 simulation results), which was consistent with its lower affinity 
toward PEG. Interestingly, PEG was bound to the paratope while the 
binding site within the PEG chain changed continuously (Fig. 4a lower 
panel, and Supplementary Fig. 8), showing the sliding of PEG chain 
within the paratope. Particularly, PEG sliding in M9 continued until the 
binding region approached the position close to the PEG terminus, after 
which point the PEG was released (Fig. 4a, Supplementary Fig. 8a). PEG 
sliding was 8.8-fold faster in M9 than in M11 (Fig. 4b), reflecting the 
lower affinity of M9 than that of M11.

The direct interaction of PEG with Fv-clasp was evaluated by the 
frequency of direct hydrogen bond formation (Fig. 4c). During binding 
with PEG, the frequency of direct hydrogen bond formation of M9 with 
the PEG chain was smaller than that of M11, which indicated more 
possibility of direct interaction with PEG in M11, consistent with the 
structural properties showed in crystal structures (Fig. 3d, h).

Concerning the recognition of the terminal methoxy group of PEG in 
M9, we found that the average distance of M9 with the termini of PEG 
(unit #1 and #50) was smaller than that of M11 (Fig. 4d), reflecting the 
higher frequency of the interactions between PEG terminus and the 
amino acid residues in M9 than in M11. We picked up the possible amino 
acid residues that bind with the PEG terminus with a distance of closer 
than 5 Å (Fig. 4e). In M9, the top 5 amino acid residues with high 
fractions (H99L for PEG unit #1, and Q28L, S29L, H32L, and S33L for PEG 
unit #50) were highlighted as the possible binding sites of PEG terminus 
(Fig. 4f). In the crystal structure, those amino acid residues are located 
on CDR1 and CDR3 of the light chain near the PEG epitope, where PEG 
terminal methoxy group is present (Fig. 4f). Hydrogen bond formation 
between the PEG terminal methoxy group and those amino acid residues 
was confirmed in the simulations (Supplementary videos 1–12 and 
Supplementary Fig. 9). Comparatively, the terminus binding events in 
M11 occupied a lower fraction than in M9 (Fig. 4e).

3. Discussion

3.1. Recognition mechanisms of two anti-PEG antibodies

M9 is the first reported crystal structure of an anti-PEG antibody 
induced by the TI pathway which maintains the naïve BCR sequence. 
According to the elucidated crystal structure of the complex, PEG in a 
hairpin loop conformation was embedded in a pocket structure of M9. 
Similar loop conformations were also observed in TD anti-PEG antibody 
clones (3.3, 2B5, 6.3, h15-2b) previous reported [3–5]. Unlike those TD 
anti-PEG antibodies, lack of direct hydrogen bonding with paratope lead 
to a low binding affinity between PEG and M9. In the case of M11, which 
was induced by the TD pathway, a linear PEG chain was trapped in a 
groove with a tunnel structure. Similar to M11, clone 6.3 also has a 
tunnel structure with a diameter of approximately 6.8–8 Å, which is 
critical for holding PEG chains with high affinity [4]. The tunnel 
structure can capture the PEG chain directly via hydrophobic 
interaction.

MD simulations of PEG antibodies are reported here for the first time. 
We found that flexible PEG slid through the paratope via the dynamic 
exchange of bound monomeric units. The sliding was much faster in M9 
than in M11, reflecting the weaker binding affinity of PEG toward M9 
than toward M11. M9 released the PEG chain when PEG slid and 
reached approximately the last 10 monomeric units (simulation 1, 2, 4, 
and 5 in Supplementary Fig. 8a). This is close to the length of the epitope 
of the PEG chain shown in the crystal structure of M9, which is possibly 
the minimum size for stable binding. The allowance of sliding extended 
the binding duration of PEG with M9, resulting in the reduction of the 
off-rate (koff) of binding. The enhancement of binding time should be 
important in BCR activation, especially for the naïve BCR activation by 
PEG binding [9].

Recognition of the methoxy terminal by M9 is different from the 
mPEG-specific clone h15-2b, induced by the TD pathway. Clone h15-2b 
has a specific hydrophobic pocket for binding with the methoxy terminal 
group into which the PEG chain is vertically inserted5. By contrast, M9 
showed interactions with the terminal methoxy group at light chain CDR 
nearby the paratope, via a cluster of hydrogen bond-forming amino acid 
residues (Fig. 4e and Fig. 4f). Compared to a terminal hydroxy group, 
the somewhat lower solubility of the terminal methoxy group may 
enhance the formation of hydrogen bonding with M9 rather than free 
water, which explains the higher affinity of M9 to mPEG than OH-PEG. It 
should be noted that these interactions were transient, which occupied a 
limited time fraction in the whole time of PEG-paratope binding. As a 
result, PEG terminal methoxy group binding at that region cannot be 
identified in the crystal structure of the M9-PEG complex. Although 
terminus binding events are also observed in M11, the fraction of the 
events was smaller than those with M9 (Fig. 4e). This is the reason why 
M11 does not show binding specificity to PEG terminal group.

3.2. Process of IgM induction by TI and TD-antigens

Anti-PEG IgM clone M9 with a low affinity toward PEG was induced 
via the TI pathway without affinity maturation, which was confirmed by 
comparing its DNA sequence with germline gene sequences (Fig. 2). We 
consider the process of IgM induction of M9 by PEG-liposomes as follows 
(Fig. 1a). PEG-liposomes can crosslink the BCRs on a specific B cell clone 
to induce intracellular signaling for differentiation into a plasma cell 
without affinity maturation, which then produces anti-PEG IgM. The 
diameter of the PEG-liposome is approximately 100 nm, and its surface 
is closely filled with mPEG2k chains (assuming the PEG diameter of 3.6 
nm) [10]. Because PEG-liposome is significantly larger than BCRs (~10 
nm) in size, PEG-liposome can be bound to BCR with significantly high 
avidity (multiple PEG chains are assignable to one BCR). Thus, PEG- 
liposome can be bound to BCR with sufficient affinity to induce 
signaling even though 1:1 binding affinity is quite small (Supplementary 
Fig. 2, 3). According to the determined crystal structure and MD 
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simulations, M9 recognizes PEG by intrinsically weak interactions: in
direct hydrogen bonding mediated by water molecules, sliding of PEG 
for extension of binding duration as well as dynamic interactions with 
methoxy terminal groups. To evade antibody induction, polymers can be 
designed with side groups in a random manner that are less susceptible 
to sliding on BCRs. Another possible design is a polymer with weak 
hydration, which destabilizes water-mediated indirect hydrogen 
bonding with BCRs [11]. Some zwitterionic polymers do not induce the 
production of antibodies, which is attributed to their weak hydration 
[12,13].

We also consider the process of IgM induction by mPEG40k-OVA 
conjugate via the TD pathway as follows (Fig. 1b). Because the size of 
PEG-OVA, which has at most two PEG chains on one OVA, is comparable 
to that of BCR, the crosslinking of BCRs will be difficult. Meanwhile, 
once the PEG chain of PEG-OVA is captured by the naïve BCR, PEG-OVA 
can be endocytosed to start the affinity maturation process. Here OVA- 
derived peptides are used as T-cell epitopes to proceed the TD pathway. 
Before affinity maturation, naïve BCR may bind the PEG chain weakly 
by grooves, like the predicted structures of naïve M11 shown in Sup
plementary Fig. 5. The critical mutation required to raise the affinity of 
BCRs toward the PEG chain is the insertion of amino acids (Val-Ala in 
M11), which allows the formation of a tunnel to capture a single PEG 
chain, leading to direct contact with the PEG chain via the hydrophobic 
interactions. We found that a similar tunnel structure reported for clone 
6.3 was also induced by a similar insertion (Fig. 2 and Supplementary 
Fig. 1). Thus, the insertion-triggered tunnel formation may be a general 
strategy of B cells to capture the PEG chain with high affinity via a small 
number of mutations. To avoid recognition of a polymer chain by the 
tunnel structures, introducing side groups on the polymer chain for 
chain thickening may be an effective design.

3.3. Limitations of this study

This research focused on investigating two anti-PEG IgM clones, M9 
and M11, as representatives for anti-PEG antibodies generated through 
TI and TD pathways, respectively. It should be acknowledged that the 
sample size of anti-PEG antibodies analyzed is limited, particularly for 
those with detailed gene and structural information. Although some 
common properties of anti-PEG antibodies were suggested by comparing 
our results with previous studies, the diversity and complexity of the 
polyclonal anti-PEG antibody response remain unclear. Further studies 
are required to clarify the mechanisms underlying polyclonal anti-PEG 
antibody generation in response to PEGylated drugs and daily-life 
exposure to PEG-containing materials. Regarding the evaluation of 
binding affinity, the relatively weak interaction of M9 with PEG pre
sented challenges in determining the affinity by SPR method. Alterna
tive approaches or enhanced methodologies are required to accurately 
measure the affinity of those naïve anti-PEG antibody clones. In the 
simulation study, we utilized a simplified model as an initial approach. 
This model did not account for more complex scenarios, such as tethered 
PEG chains or multivalent interactions, which may better reflect real 
interactions between PEG and BCRs or antibodies. Incorporating these 
factors into future simulations will provide a more comprehensive un
derstanding of these interactions.

4. Conclusions

Here we reveal strategies used by naïve BCRs to capture PEG chains. 
First, BCRs recognize a flexible PEG chain as a sequence of monomeric 
units. Second, BCRs allow the sliding of the PEG chain with the same 
repeating monomeric unit to extend the binding duration. Third, a PEG 
chain without side groups can be captured by a narrow tunnel-like 
structure which is acquired by a small number of mutations of naïve 
BCRs. Fourth, the PEG terminus, which occupies an extremely small 
portion of the PEG chain, has a significant effect on raising the affinity 
via weak interactions nearby the paratope. These points may commonly 

exist in naïve BCRs capturing other flexible hydrophilic polymers and 
should be considered in the design of novel stealth polymers that can 
evade antibody induction.

5. Materials and methods

The detailed materials and methods can be found in the Supple
mentary Information.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconrel.2025.02.001.
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