
 
 

1 
 

Supplementary Materials  1 
 2 

Polyethylene glycol (PEG)-associated immune responses triggered by clinically 3 

relevant lipid nanoparticles in rats 4 

 5 
Haiyang Wang1,2†, Yisha Wang1,2†, Changzheng Yuan3†, Xiao Xu4, Wenbin Zhou1,2, Yuhui Huang3, Huan Lu1,2, 6 

Yue Zheng1,2, Gan Luo1,2, Jia Shang4, Meihua Sui1,2* 7 
 8 
 9 

1School of Basic Medical Sciences and Women’s Hospital, Zhejiang University School of Medicine, Hangzhou, 10 
China 11 
2Cancer Center, Zhejiang University, Hangzhou, China. 12 
3School of Public Health, Zhejiang University School of Medicine, Hangzhou, China.  13 
4Zhejiang University School of Medicine, Hangzhou, 310006, China 14 
 15 
†Equal contribution 16 
 17 
*Corresponding author 18 
Meihua Sui, M.D., Ph.D. E-mail: suim@zju.edu.cn 19 

20 

mailto:suim@zju.edu.cn


 
 

2 
 

Supplementary Discussion 21 

Significant person-to-person and study-to-study variabilities in pre-existing anti-PEG antibodies 22 

PEG is a versatile polymer commonly used as a surfactant, solvent and emulsifying agent in household 23 

chemicals, as an additive in foods, and as either an active composition or an inactive excipient in medicine1. 24 

Currently FDA has approved 33 PEGylated agents for a variety of clinical indications such as metabolic disease, 25 

immunological disease, degenerative disease, cancer and infectious diseases (https://www.drugs.com). Since anti-26 

PEG IgM was first detected in rabbits immunized with PEGylated ovalbumin in 19832, an expanding body of 27 

evidence has revealed that some PEG derivatives could elicit PEG-specific antibodies3-5. Interestingly, some 28 

people who never received PEGylated drugs have pre-existing antibodies against PEG possibly due to 29 

environmental exposure4,5. For instance, an epidemiological study based on 1504 healthy Han Chinese donors 30 

residing in Taiwan area of China found that a total of 666 individuals (44.3%) had positive anti-PEG IgG or IgM, 31 

with 25.7%, 27.1%, and 8.4% of the total population having anti-PEG IgG only, anti-PEG IgM only, and both 32 

anti-PEG IgG and IgM, respectively6. This study also showed that PEG-specific antibodies were more common 33 

in females than in males (32.0% vs 22.2% for IgM and 28.3% vs 23.0% for IgG), and in young people (up to 60% 34 

for 20 years old) as compared to old people (20% for > 50 years old). Another epidemiological study based on 35 

377 healthy human blood donors in USA found that anti-PEG antibodies were detectable in ∼72% of individuals, 36 

with 18%, 25% and 30% of all samples having anti-PEG IgG only, anti-PEG IgM only, and both anti-PEG IgG 37 

and IgM, respectively7. 38 

Up to date there are five published studies that evaluated the induction of anti-PEG antibodies by approved 39 

LNP-delivered drugs, including three related with Comirnaty®, Spikevax® and mixed use of these two vaccines8-40 
11. However, it is noteworthy that these limited available literature showed significant study-to-study variability 41 

in pre-existing anti-PEG antibody: Alnylam Pharmaceuticals Inc. reported that only two of 224 patients (0.89%) 42 

with hereditary transthyretin-mediated (hATTR) amyloidosis were positive for anti-PEG antibodies at baseline8; 43 

Ju et al from the University of Melbourne stated that anti-PEG IgG was commonly detectable (71%) before 44 

vaccination in Comirnaty® and Spikevax® cohorts9; Guerrini et al from Joint Research Centre in Italy described 45 

that anti-PEG IgG was positive before the first vaccine injection in their cohorts receiving two LNP-based 46 

COVID-19 vaccines, with a large person-to-person variability10. Carreño et al from Icahn School of Medicine at 47 

Mount Sinai in USA did not report the status of pre-existing anti-PEG antibodies in their very small population 48 

study (n = 10)11. Bavli et al from Hebrew University-Hadassah Medical School in Israel showed that anti-PEG 49 

IgG, IgM and IgE was detected in 29 (36.7%), 11 (13.9%) and 0 individuals, respectively, before vaccination with 50 

Comirnaty®12.These significant variabilities in pre-existing anti-PEG antibodies would lead to unfavorable 51 

intervention when identifying and analyzing antibodies induced by PEGylated LNP. 52 

 53 

Inconsistent previous results regarding the induction of anti-PEG antibodies by PEGylated LNP-delivered 54 

therapeutics 55 

Across very limited population-based studies, no consistent results was obtained regarding any characteristic 56 

of initial and/or repeated injection of LNP-delivered drugs in inducing any type of antibodies against PEG: 57 

https://www.drugs.com/
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Alnylam Pharmaceuticals Inc. reported that anti-PEG IgM and IgG were induced in 3.4% of subjects (5 out of 58 

145 patients) who received Onpattro® in 20198; Ju et al reported in 2022 that COVID-19 mRNA vaccines boosted 59 

the serum anti-PEG antibody levels in Australian recipients, with anti-PEG IgM boosted a mean of 2.64 folds and 60 

anti-PEG IgG boosted a mean of 1.78 folds following Comirnaty® vaccination (n = 55), as well as anti-PEG IgM 61 

boosted a mean of 68.5 folds and anti-PEG IgG boosted a mean of 13.1 folds following Spikevax® vaccination 62 

(n = 20)9; Guerrini et al from Joint Research Centre in Italy reported a significant increase in anti-PEG IgM level 63 

after the first injection of Comirnaty® and the third injection of Comirnaty® or Spikevax®, while no boosting 64 

effect was observed on anti-PEG IgG after injection with either vaccine in 202210; Carreño et al reported different 65 

response on induction of PEG-specific antibodies with a very small size of recipients in USA received either 66 

Comirnaty® or Spikevax® vaccination (n = 10) in 202211. Besides, the fold changes of both anti-PEG IgM and 67 

IgG induced by either mRNA vaccine had a very broad range. As stated by the authors, small population sizes, 68 

pre-existing antibodies, inevitable interference due to exposure to PEG-containing substances other than vaccines 69 

after immunization, as well as other potential influence factors, may affect the reliability of their data9,11. Bavli et 70 

al from Israel reported a significant increase in serum anti-PEG IgG three weeks after the first Comirnaty® 71 

administration, while no increase in anti-PEG IgM or IgE was detected (n = 79)12. 72 

 73 

Additional interpretation of accelerated blood clearance induced by repeated injection of PEGylated LNP 74 

intramuscularly 75 

It is well known that intramuscular administration results in drug absorption and clearance significantly 76 

different from intravenous injection13,14. For instance, intravenously administered drugs immediately enter the 77 

blood circulation and reach the maximum blood concentration (Cmax). Therefore, accelerated blood clearance 78 

(ABC) phenomenon could be observed right after repeated intravenous injection of PEGylated drugs due to the 79 

instant “antigen-antibody” binding in the blood15,16. However, it takes a while for intramuscularly injected drugs 80 

to be absorbed from injection site into the blood to reach the Cmax13,14. It is thus understandable that accelerated 81 

blood clearance induced by H-LNP re-injection was observed at 30 minutes and 60 minutes after intramuscular 82 

reinjection, rather than at the earliest time point such as 5 minutes (Fig. 4c). On the other hand, after 83 

“neutralization” of circulating anti-PEG antibodies by newly injected LNP, or the remaining “antigen-antibody” 84 

binding is not abundant enough to significantly reduce LNP-associated fluorescence in circulation, the blood 85 

clearance will return to normal. Thenceforth LNP absorbed from intramuscular injection site into blood could 86 

gradually increase LNP-associated fluorescence. For instance, peak level of fluorescence reached at around 24 87 

hours after repeated injection of H-LNP (Fig. 4c). Interestingly, ABC phenomenon arose again at 48 hours after 88 

repeated injection of H-LNP, which coincides with the correspondingly enhanced production of anti-PEG IgM 89 

and IgG antibodies at this time point (Figs. 2-4). 90 

It is noteworthy that the levels of “pre-existing” anti-PEG antibodies are expected to be gradually increased 91 

with a higher number of repeated LNP injections. This may lead to occurrence of accelerated blood clearance 92 

even in L-LNP and M-LNP groups, as well as a more pronounced ABC phenomenon in the H-LNP group. 93 

Considering that Onpattro® needs to be continuously/repeatedly injected until the patient's condition is ideally 94 
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controlled, and that both COVID-19 mRNA vaccines are used for booster immunization after routine two-95 

injection vaccination, our findings may have broad clinical implications.  96 

 97 

Unexpected induction of B cell memory and isotype switching by PEGylated LNP 98 

Our model system has provided an opportunity to explore the mechanisms mediating the generation of anti-99 

PEG antibodies induced by clinically relevant LNP. It is well known that non-protein antigens, such as lipids, 100 

polysaccharides, and naturally occurring non-proteinatious and synthetic polymers, can stimulate antibody 101 

response in the absence of T helper cell and is therefore called thymus-independent antigens or T cell-independent 102 

antigens (TI-Ag)3,17. In contrast, T-dependent antigens (TD-Ag) mainly include proteins/peptides that are taken 103 

up by the antigen-presenting cells and presented in the context with major histo-compatibility complex type 2 104 

(MHC II) to the T helper lymphocytes3,-17. According to its chemical nature, LNP is similar to PEGylated liposome 105 

and belongs to TI-Ag. It is generally believed that TI-Ag could induce neither isotype switch from IgM to long-106 

lasting IgG nor a typical recall antibody response, which is also called B cell memory characterized by an 107 

amplified, accelerated and affinity-matured antibody production after successive exposure to certain antigens such 108 

as TD-Ag17-19. After a thorough literature search, we found that although three types of TI-Ag, including B. 109 

hermsii (Borrelia hermsii, a relapsing fever bacterium), NP-Ficoll (4-hydroxy-3-nitrophenylacetyl-Ficoll, a model 110 

TI-Ag) and pneumococcal capsular PS3 (serotype 3 capsular polysaccharide), could induce B cell memory20-22, 111 

previously there is no report on either inducing B cell memory or isotype switching by any PEG derivatives 112 

belonging to TI-Ag. It needs to be pointed out that no related conclusion could be drawn from the above-113 

mentioned four clinical studies evaluating anti-PEG antibodies induced by LNP-delivered drugs, as the necessary 114 

statistical analysis on anti-PEG antibody production was not conducted in all these reports. Herein, our data 115 

showing induction of isotype switching from anti-PEG IgM to IgG, as well as B cell memory by repeated LNP 116 

injection, has revealed new immune properties of PEGylated LNP (Supplementary Fig. 8).  117 

Considering the huge population exposed to clinically relevant LNP (total sales volume of Comirnaty® > 118 

5,341,276,760 doses; total sales volume for Spikevax® > 3,229,743,423 doses; from WHO website 119 

(https://app.powerbi.com/view?r=eyJrIjoiMWNjNzZkNjctZTNiNy00YmMzLTkxZjQtNmJiZDM2MTYxNzEw120 

IiwidCI6ImY2MTBjMGI3LWJkMjQtNGIzOS04MTBiLTNkYzI4MGFmYjU5MCIsImMiOjh9), and the rapid 121 

development of LNP-based therapeutics, further studies on PEG-associated immune responses triggered by LNP 122 

are warranted. 123 

 124 

Supplementary Methods 125 

Additional information for determination of clinically relevant mPEG2000 and LNP dose gradients 126 

Complete LNP composition of Comirnaty® and Onpattro® can be respectively found in the following links: 127 

Food and Drug Administration. Comirnaty Information-Summary basis for regulatory action, 8 November, 2021, 128 

https://www.fda.gov/media/151733/download; https://www.alnylam.com/sites/default/files/pdfs/ONPATTRO-129 

Prescribing-Information.pdf. However, although the LNP composition of mRNA-1273 used in a preclinical study 130 

was reported previously23, this recipe has not been confirmed by the official drug instructions from FDA and 131 

https://www.fda.gov/media/151733/download
https://www.fda.gov/media/151733/download
https://www.alnylam.com/sites/default/files/pdfs/ONPATTRO-Prescribing-Information.pdf
https://www.alnylam.com/sites/default/files/pdfs/ONPATTRO-Prescribing-Information.pdf
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Moderna Inc. published later: Food and Drug Administration. Spikevax Information-Summary basis for 132 

regulatory action, 30 January, 2022, https://www.fda.gov/media/155931/download. As the detailed LNP 133 

formulation of Spikevax® has been kept confidential till now, alternatively two calculation or estimation methods 134 

through which an appropriate middle exposure dose of mPEG2000 was determined (Supplementary Table 1). 135 

Eventually, clinically relevant mPEG2000 and corresponding LNP dosages were determined, with an appropriate 136 

gradient ratio of 1:38:262 (see context). 137 

 138 
Supplementary Table 1. Determination of clinically relevant mPEG2000 and LNP dose gradients* 139 

Approved 
therapeutics 

Detailed LNP composition in official 
drug instructions 

mPEG2000 dose  
in adult 

Relation to 
dose gradients 

Equivalent LNP dose 
in rat 

BNT162b2 
/Comirnaty® 

0.43 mg/dose ALC-0315; 0.05 mg/dose 
ALC-0159; 0.09 mg/dose DSPC; 0.2 
mg/dose Cholesterol 

0.0406 mg/dose based on official 
drug instructions 

Precisely related to  
L-LNP 

0.009 mg 
phospholipid/kg 

mRNA-1273 
/Spikevax® 

The only preclinical study published in 
2020 introduced the molar lipid ratios 
(%) (ionizable cationic lipid: PEGylated 
lipid: DSPC: Cholesterol) of LNP are 
50:1.5:10:38.5.  

0.093 mg/dose (2.3 folds of that 
of Comirnaty®) based on a LNP 
recipe described in a preclinical 
study with no further 
confirmation by official drug 
instructions 

No relation N/A 

Officially FDA and Moderna Inc. only 
described the total content of lipids 
(1.93 mg/dose) that make up LNP, while 
kept the detailed composition including 
the molar lipid ratios confidential till 
now. 

1.542 mg/dose (38 folds of that 
of Comirnaty®; possible 
“maximum” exposure) based on 
a postulation that PEG2000-DMG 
is the only lipid contained in 
LNP 

Related to 
M-LNP 

0.342 mg 
phospholipid/kg 

(0.009 × 38) 

Patisiran 
/Onpattro® 

117 mg/dose DLin-MC3-DMA; 14.4 
mg/dose PEG2000-C-DMG; 29.7 
mg/dose DSPC; 55.8 mg/dose 
Cholesterol 

10.6434 mg/dose (262 folds of 
that of Comirnaty®) based on 
official drug instructions 

Precisely related to  
H-LNP 

2.358 mg 
phospholipid/kg 
 (0.009 × 262) 

*Animal-human dose exchange algorithm: animal equivalent dose=human dose × Km ratio (6.2 for rat) 140 
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Supplementary Table 2. Characterization of LNP, DiR-LNP and DiR-LU@LNP 194 
Formulation Z-average (nm) PDI Zeta potential (mV) 
LNP 110.400 ± 3.466 0.203 ± 0.012 16.733 ± 0.451 
DiR-LNP 113.067 ± 2.139 0.183 ± 0.013 7.257 ± 0.168 
DiR-LU@LNP 101.367 ± 2.593 0.197 ± 0.015 -5.943 ± 0.129 

Data were presented as “mean ± standard deviation” of three independent experiments.   195 
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 196 
Supplementary Fig. 1. Stability of LNP, DiR-LNP and DiR-LU@LNP in serum and standard curves for 197 
phospholipid (DSPC). (a-c) Stability of (a) LNP, (b) DiR-LNP and (c) DiR-LU@LNP in serum. LNP, DiR-LNP 198 
and DiR-LU@LNP were diluted to 1:100 with PBS containing 10% rat serum and incubated at 37℃ for 24 h. 199 
Subsequently, 1 mL of diluted LNP, DiR-LNP and DiR-LU@LNP were respectively collected at designated time 200 
points (1 h, 6 h, 12 h and 24 h), followed by characterization of Z-average and PDI with dynamic light scattering. 201 
Z-average/PDI of three LNP formulations at four successive time points were as follows: LNP, 140.533 ± 2.768 202 
nm/0.264 ± 0.012, 138.600 ± 0.100 nm/0.274 ± 0.005, 138.200 ± 0.954 nm/0.287 ± 0.013 and 141.867 ± 2.631 203 
nm/0.287 ± 0.016; DiR-LNP, 104.300 ± 0.458 nm/0.285 ± 0.014, 105.733 ± 0.503 nm/0.282 ± 0.010, 107.267 ± 204 
1.940 nm/0.291 ± 0.013 and 117.200 ± 1.277 nm/0.392 ± 0.020; DiR-LU@LNP, 135.067 ± 1.550 nm/0.240 ± 205 
0.003, 133.867 ± 0.058 nm/0.251 ± 0.001, 132.667 ± 2.023 nm/0.246 ± 0.006 and 134.133 ± 1.222 nm/0.252 ± 206 
0.006. (d-f) Standard curves for determining phospholipid (DSPC) concentration in (d) LNP, (e) DiR-LNP and (f) 207 
DiR-LU@LNP solutions. Correspondingly, following equations were respectively obtained, in which y represents 208 
absorbance measured at 470 nm and x represents phospholipid concentration: LNP, y = 0.0077x + 0.0098 (R2 = 209 
0.9914); DiR-LNP, y = 0.0076x + 0.0244 (R2 = 0.9909); DiR-LU@LNP, y = 0.0071x + 0.0284 (R2 = 0.9841). 210 
Data were presented as “mean ± standard deviation” of three independent experiments.   211 
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 212 
Supplementary Fig. 2. Determination of LNP stability in serum. LNP was diluted to 1:100 with PBS 213 
containing 10% rat serum and incubated at 37 ℃ for 24 h. Subsequently, 1 mL of diluted LNP was collected at 214 
designated time points (1 h, 6 h, 12 h and 24 h), followed by characterization of Z-average and PDI with dynamic 215 
light scattering. Data were presented as “mean ± standard deviation” of three independent experiments.   216 
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 217 
Supplementary Fig. 3. Determination of DiR-LNP stability in serum. DiR-LNP was diluted to 1:100 with 218 
PBS containing 10% rat serum and incubated at 37 ℃ for 24 h. Subsequently, 1 mL of diluted LNP was collected 219 
at designated time points (1 h, 6 h, 12 h and 24 h), followed by characterization of Z-average and PDI with 220 
dynamic light scattering. Data were presented as “mean ± standard deviation” of three independent experiments.  221 
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 222 
Supplementary Fig. 4. Determination of DiR-LU@LNP stability in serum. DiR-LU@LNP was diluted to 223 
1:100 with PBS containing 10% rat serum and incubated at 37 ℃  for 24 h. Subsequently, 1 mL of diluted LNP 224 
was collected at designated time points (1 h, 6 h, 12 h and 24 h), followed by characterization of Z-average and 225 
PDI with dynamic light scattering. Data were presented as “mean ± standard deviation” of three independent 226 
experiments.    227 
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 228 
Supplementary Fig. 5. Standard curves of ELISA for detecting anti-PEG IgM in rat serum samples (a-h) 229 
and inter-assay precision (CV%) of anti-PEG IgM standards (i). Standard curves were constructed by plotting 230 
the average absorbance values (OD450 nm-OD570 nm) and corresponding antibody concentrations with Four 231 
Parameter Logistic (4PL) curve fit using Origin 2021 software. Serial dilutions of anti-PEG IgM standards (1.37, 232 
4.12, 12.35, 37.04, 111.11, 333.33 and 1000.00 ng/mL) were included in each batch of ELISA for total eight 233 
independent batches. Inter-assay precision was determined by calculating the Coefficient of Variation (CV% = 234 
(Standard deviation/Mean) ×100%) for anti-PEG IgM standards among all eight batches of ELISA, which was 235 
20.983 ± 15.511% as indicated in subfigure i (see Methods for acceptance criteria). In addition to the anti-PEG 236 
IgM standards run for each batch, 88 different rat serum samples were respectively tested in batch 1-3 and batch 237 
5-7, and 54 different rat serum samples were respectively tested in batch 4 and 8. Data in i were presented as 238 
“mean ± standard deviation” (n = 7). 239 
 240 
  241 
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 242 
Supplementary Fig. 6. Standard curves of ELISA for detecting anti-PEG IgG in rat serum samples (a-h) 243 
and inter-assay precision (CV%) of anti-PEG IgG standards (i). Standard curves were constructed by plotting 244 
the average absorbance values (OD450 nm-OD570 nm) and corresponding antibody concentrations with Four 245 
Parameter Logistic (4PL) curve fit using Origin 2021 software. Serial dilutions of anti-PEG IgG standards (0.05, 246 
0.15, 0.46, 1.37, 4.12, 12.35, 37.04 ng/mL) were included in each batch of ELISA for total eight independent 247 
batches. Inter-assay precision was determined by calculating the Coefficient of Variation (CV% = (Standard 248 
deviation/Mean) ×100%) for anti-PEG IgG standards among all eight batches of ELISA, which was 24.896 ± 249 
10.071% as indicated in subfigure i (see Methods for acceptance criteria). In addition to the anti-PEG IgG 250 
standards run for each batch, 88 different rat serum samples were respectively tested in batch 1-3, 5 and 7, and 251 
54 different rat serum samples were respectively tested in batch 4. In batch 6 and 8, 71 different rat serum samples 252 
were respectively tested. Data in i were presented as “mean ± standard deviation” (n = 7). 253 
 254 
  255 
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 256 
Supplementary Fig. 7. Representative luminescence images of major organs and muscle tissues isolated 257 
from rats 6 hours after the first and second injections of DiR-LU@LNP. Wistar rats were injected 258 
intramuscularly with 0.009 (L-LNP group), 0.342 (M-LNP group) and 2.358 (H-LNP group) mg phospholipids/kg 259 
DiR-LU@LNP on Day 0 and Day 21, respectively. Rats in the Control group were injected with PBS. Six hours 260 
after each injection, three rats from each experimental group were administered with D-luciferin at a dose of 150 261 
mg/kg intraperitoneally. Fifteen minutes after administration of D-luciferin, rats were sacrificed and immediately 262 
dissected. Major organs including heart, liver, spleen, lung, kidneys and draining lymph node, and muscle at the 263 
injection site were collected for bioluminescence imaging with IVIS Spectrum imaging system.   264 
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 265 
Supplementary Fig. 8. Hypothetical mechanism for B cell memory induced by PEGylated LNP. After initial 266 
injection of PEGylated LNP, PEG on the surface of LNP extensively cross-links B cell receptors (BCRs), and 267 
thereby activate B-1b cells and marginal zone B cells. Following activation, these cells can differentiate into IgM+ 268 
memory B cells and IgG+ memory B cells. After repeated injection of PEGylated LNP, pre-existing IgM+ memory 269 
B cells and IgG+ memory B cells immediately recognize PEG on the surface of newly injected LNP though BCRs 270 
and differentiate into IgM+ plasma cells and IgG+ plasma cells, leading to rapid and intense secretion of anti-PEG 271 
IgM and anti-PEG IgG. 272 


