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Transforming immature DCs into mature state to activate cellular immunity is a critical step in initiating
immunoprophylaxis and immunotherapy. Lipopolysaccharides (LPS) can promote DCs maturation by bind-
ing receptor on DCs surface, but their clinical application is limited due to biological toxicity. Although
many LPS analogues have been developed, complex synthesis and purification hinder their practical appli-
cation. Here, we propose a novel and simple strategy to synthesize LPS analogues with adjustable struc-
tural units. Using monomer units similar to the key functional groups of LPS, we synthesize LPS analogues
with different group ratios by RAFT polymerization. The obtained analogues have little negative effect on
cell viability. Compared with LPS, the analogues show greater promoting effect on DCs maturation. And
the analogues can be applied to different scenarios since the degrees of promoting DCs maturation by
LPS analogues with different group ratios are different. This strategy provides a new direction for syn-
thesizing LPS analogues, and it has the potential to produce LPS analogues on a large scale with tunable

promoting DCs maturation effect.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Dendritic cells (DCs) are specialized antigen-presenting cells.
In the mature state, they have the ability to activate T cells
thereby enabling the body to obtain stronger cellular immunity
[1,2]. Therefore, mature DCs can be applied in immunoprophylaxis
and immunotherapy [3], especially in the development of vaccine
adjuvants [4,5] and the treatment of malignant tumors [6,7]. At
present, there are many substances to induce DCs maturation, such
as cytokines (tumor necrosis factor-o (TNF-«¢), interferon-y (INF-
y)) [8], polypeptide (heat shock protein (HSP70)) [9] and polysac-
charide (LPS, dextran) [10,11]. Among these, polysaccharide is one
of the most studied substances, especially lipopolysaccharide (LPS)
and its analogues.

LPS is the main external component of the Gram-negative bac-
teria cell wall [12,13], which gives rise to the immune effect by
promoting DCs maturation by binding to receptors on the surface
of DCs [14]. However, the structure of LPS is heterogeneous [15],
and LPS has strong thermogenesis, which will cause strong im-
mune response and trigger symptoms such as sepsis [16]. There-
fore, many LPS analogues have been prepared to further optimize
biological activity and reduce biological toxicity [17,18]. These ana-
logues are usually prepared by the following two methods: (1)

* Corresponding authors.
E-mail addresses: gchen@suda.edu.cn (G. Chen), chenh@suda.edu.cn (H. Chen).

https://doi.org/10.1016/j.cclet.2021.12.032

Modifying and separating LPS produced by natural strains or ge-
netically modified strains, such as monophosphoryl lipid A (MPLA)
and BECC438 [19,20]; (2) Synthesizing new analogues by modifica-
tion of aliphatic chains and phosphate groups on the sugar ring,
such as CRX547, CRX527 and RC-529 [21-23]. Although the LPS
analogues prepared by the above two methods have increased bi-
ological activity and decreased toxicity compared with LPS, and
some have even been used as vaccine adjuvants [19,23], these two
methods still have limitations. The structure of LPS analogues pre-
pared by bacterial strains is not clear, and there may be bacterial
contamination. Although the structure of LPS analogues prepared
by the second method is clear, the synthetic steps are complicated
and cumbersome [24]. In addition, neither of the two methods can
regulate the proportion of different structural units of LPS, which
leads to the single function of the prepared LPS analogues [25].
Therefore, it is necessary to develop a method for synthesizing LPS
analogues which can adjust the structure and has simple synthesis
steps with free from contamination.

Based on the above research, a simple molecular-mimicking
strategy with universality was proposed to fabricate group-
adjustable LPS analogues. First, we split the structure of LPS
into three parts: sugar units, phosphate groups and aliphatic
chains (Scheme 1a), and replaced these three parts with 2-
methacrylamido-glucopyranose (MAG), 2-methacryloxyethyl phos-
phorylcholine (MPC) and dodecyl methacrylate (LMA), respectively.
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Scheme 1. (a) LPS is split into sugar units, phosphate groups and aliphatic chains. (b) Synthesis of LPS analogues using independent units with functional groups similar to

LPS by RAFT polymerization.

A s

O,
CTA, AIBN, 70°C
HN

OH R
H()V\;?_OH /u H,0/DMF, 8h /0
0=P—0" 0=P—0"
HO' \
0 0
HJC—T*—CH, HyC—N"=CH;
CHy CH,
MAG MPC PMM,,

S CN
S’ 3 4 'COOH
HN' o
HO' OH
o OH
HO

CN

N NNANNANN

(LMA)

AIBN, 70°C  DMSO/methanol, 24h

PMML,

Scheme 2. Synthetic route of PMML, by RAFT polymerization.

Subsequently, LPS analogues with different group ratios (PMML;,)
are synthesized by reversible addition-fragmentation chain trans-
fer (RAFT) polymerization (Scheme 1b). The synthesis process of
group-adjustable LPS analogues prepared by the method is simple
and easily operated which can realize the stable and rapid syn-
thesis of LPS analogues. And by regulating different proportions of
functional groups, LPS analogues with different effects on promot-
ing the maturation of DCs can be prepared, thereby adapting to
different application scenarios.

Scheme 2 shows the synthesis route of PMML,, and the feed
ratio of each monomer during the synthesis is shown in Table S1
(Supporting information). The successful synthesis of PMM, and
PMML, was confirmed by 'H NMR (Figs. 1a and b, Figs. S3-S5
in Supporting information) and infrared spectroscopy (Fig. 1c, Figs.
S6-S8 in Supporting information). Specifically, from the 'H NMR
spectra of PMM,, we can observe the characteristic peaks of the
sugar ring in MAG and the tertiary amine in MPC, indicating that
these two monomers were successfully copolymerized. In addition,
the characteristic peak (§ 4.0-4.4ppm) of methylene group in the
aliphatic chain of LMA appeared in the '"H NMR spectra of PMML,
which indicated that the LMA was successfully incorporated with
PMMj, by chain-extension polymerization. The infrared spectrum
further confirmed this result, that is, the characteristic peaks of
carbonyl (about 1633 cm~!) and amino (about 1532 cm™!) in the
amide group and carbonyl (about 1730 cm~!) in the ester group
appeared in the spectra of PMM;, and PMML, The carbonyl sig-
nal of the ester group in the spectrum of PMML, was much in-
tenser than that of PMM,. In conclusion, we successfully synthe-
sized lipopolysaccharide analogs by RAFT polymerization.

Duo to low cost, rapid analysis, low detection limit, high sen-
sitivity and accuracy, ICP-AES is often used to detect the content
of trace elements in natural materials or synthetic materials to get
the ratio of components [26,27]. By detecting the absorbance of
the groups at a specific wavelength, the microplate reader can de-
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Table 1

Composition, molecular weights and PDI of PMM,, and PMML,,.
Polymers MAG:MPC:LMA? Mn pb

ICP SEC

PMM; 8:1:/ 2550 2700 1.17
PMM, 9:1:/ 2800 3800 1.18
PMM; 17:1:/ 4780 5800 1.22
PMML, 8:1:6 4080 3000 1.15
PMML, 9:1:10 5340 3940 1.16
PMML; 17:1:7 6550 5900 1.20

2 Calculated by the data of ICP.
b Determined by SEC.

tect the concentration of the groups or the compounds containing
the groups [28,29]. Therefore, we use ICP-AES in conjunction with
the microplate reader to obtain the composition ratio and molec-
ular weight of the polymers (Table 1). In addition, we measured
the molecular weight of the polymers by SEC (Table 1 and Fig.
S9 in Supporting information). Comparing the molecular weights
obtained by the two ways, we find that the molecular weight of
PMM, obtained by SEC is larger while the molecular weight of
PMML;, is smaller. It can be explained that PMM;, is composed
of hydrophilic groups, so its state in the aqueous solution is loose
leading to a higher molecular weight, while PMML;, contains both
hydrophobic fragments and hydrophilic fragments, which make its
polymer chain shrinkage in the aqueous environment, resulting in
a lower molecular weight. Moreover, all the polymers have narrow
polydispersity index, which indicates the polymerization is well-
controlled.

The viability of cells is easily affected by external substances,
such as bacteria, viruses and some synthetic macromolecules [30-
32]. As a biomacromolecule that directly interacts with DCs, the
low toxicity of LPS analogues is necessary for their subsequent
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Fig. 1. (a) '"H NMR spectrum of PMM, (D,0). (b) 'H NMR spectrum of LPS mimetics PMML, (DMSO-dg). (c) The FT-IR spectra of PMM, and PMML.

(@

Fig. 2. Effect of PMML, at different concentrations on the viability of L929 cells.

experiments and applications. Therefore, we selected 1929 cells,
which is a commonly used cell model, to detect the effect of ana-
logues on cell viability by CCK8 assay. We can see that the viabil-
ity of the cells which were co-incubated with PMML,, remained at
about 95% on the first day. And the viability of cells increases the
next day, with most exceeding 95% and some reaching 100% (Fig.
2). It means that the analogues we synthesized have little negative
effect on cell viability, and some even promote cell proliferation.
When DCs mature, the proteins expressing on their surface will
change. In addition to the existing toll-like receptors and man-
nose receptors, DCs will express a large number of CD80 and
CD86 [33,34]. Therefore, the evaluation of DCs maturation is ac-
complished by detecting the co-expression of these two proteins
[35,36]. In this study, we selected DC2.4 and used LPS as the ref-
erence to detect the co-expression of CD80 and CD86 by flow cy-
tometry, to explore the effect of LPS analogues (PMML,) on the
maturation of DC2.4 (Fig. 3a). As shown in Figs. S10-S12 (Sup-
porting information), all analogues can promote the maturation of
DC2.4, and the promoting effect is gradually enhanced with the in-
crease of the concentration. To further determine which one has
the better effect on promoting the maturation of DC2.4 between
LPS and analogues, we measured the relative maturation of DC2.4
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(a) Day 1, (b) Day 2. Error bars represent the standard deviation of the mean (n=6).
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after co-cultured with LPS and analogues at the same concentra-
tion (120pg/mL), and the results were shown in Fig. 3b. Compared
with LPS, the effect of PMML;, PMML, and PMML; are 1.6, 1.3 and
1.2 times that of LPS, respectively. In addition, we further com-
pared the effects of the analogues at several different concentra-
tions. As shown in Fig. 3c, PMML; shows the relatively better con-
sequence regardless of the concentration. To sum up, the LPS ana-
logues synthesized by the method of “active unit recombination”
have much better performance in promoting DCs maturation than
LPS, and illustrate that excess sugar rings and aliphatic chains are
not necessary.

In summary, inspired by the concept of "active unit recom-
bination", we have synthesized a series of new LPS analogues
by simple RAFT polymerization, of which the composition and
molecular weight distribution are well controlled. All these ana-
logues display excellent cytocompatibility and show stronger ef-
fect than LPS on promoting DCs maturation. Among the three
LPS-mimicking polymers, PMML; (MAG:MPC:LMA = 8:1:6), PMML,
(MAG:MPC:LMA=9:1:10) and PMML; (MAG:MPC:LMA=17:1:7),
PMML; is found to be the most potent analogue in promoting
DCs maturation. This means that the excessive number of sugar
rings and aliphatic chains can affect the interaction between the
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Fig. 3. Comparing the difference in maturity of DC2.4 cells after co-incubation with LPS or its analogues by FlowJo. (a) Schematic diagram of immature DCs transformation
into mature state. (b) Effects of different LPS analogues on DC2.4 cells maturation (Control is a blank control group, and the concentration of the experimental group is
120 pg/mL). (c) Relative maturity of DC2.4 cells co-cultured with different polymers at different concentration. Error bars represent the standard deviation of the mean (n=4,

*P < 0.05, **P < 0.01, ***P < 0.001 by t-test).

polymers and DCs. Therefore, PMML,, as the analogue we obtained
with the best effect on fostering DCs maturation, can serve as a
reference for the development of LPS analogues in the future. The
method of synthesizing the LPS analogues in this paper can be
used for preparing the LPS analogues which are suitable for differ-
ent application scenarios by adjusting the ratio between different
functional groups. Furthermore, it can serve as a universal method
for the synthesis of other natural substances analogues.
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