Stimuli-responsive polyboronate ester polymer nanocarrier as potential boron
drug for combined BNCT and PD-1/PD-L1 Checkpoint Blockade
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Boron neutron capture therapy (BNCT) Is an emerging cancer treatment modality that allows selective destruction of individual cancer cells when a selective boron drug

IS administered without harming neighboring healthy cells upon low energy epithermal neutron irradiation. BNCT combines both radio- and chemotherapy when a sufficient
concentration of boron-10 drug can be selectively accumulated into the tumor cell. The proposed plan aims at combining nanomedicine, BNCT, and immunotherapy in combating
melanoma while maintaining the patients’ quality of life. e have synthesized two amphiphilic block copolymers, namely, poly(ethylene glycol)-block-poly(4-vinylphenylboronate
ester) (MPEG-b-PVBE) and poly(ethylene glycol)-block-random copolymer of poly(3-vinylbenzaldehyde) and poly(4-vinylphenylboronate ester) (mPEG-b-(PVB-r-PVBE)).

Utilizing m
serving as t

PEG-b-PVBE as a model system, we optimized block copolymer synthesis, micelle preparation, and encapsulation of imaging contrast agents and chemotherapeutics,
neranostic agents for combined BNCT, chemotherapy, and immunotherapy. Our results indicate that mPEG,,3-b-PVBE,; Is the optimal amphiphilic block copolymer for

generating

polyboronate ester micelles with reproducible, uniform sizes ranging between 20 nm and 50 nm. In vitro studies using melanoma B16-F10 cells revealed that these

polymeric micelles significantly enhanced intracellular boron uptake and induced cell death, surpassing the performance of boronophenylalanine (BPA). Moreover, in vivo studies

employing

B16-F10 melanoma-bearing mice assessed the antitumor efficacy of BNCT monotherapy as well as a combination of BNCT and immunotherapy. The results

demonstrated significant tumor growth delay, particularly in mice treated using polymeric micelles combined therapies, leading to a tumor growth delay (TGD) of 6.6 days, as
opposed to a TGD of 0.9 days in mice treated with BPA combined therapies.

(b) In-vitro investigation of the polyboronic acid micelles in B10-F16 cells
0.5 eV thermal
neutron
30 - 12 h uptake L I 24 h post-irradiation
i ke ok 1 48 h post-irradiation
3 120 4
‘TU 25 J 2%6
= 1 ~ 100 - * %
Es) S * %
£ 204 : ) X % %
c = 80
released of E o E 50
& oo | Kilngof ;
dying Ce||S..-. 2 3 primary tumor 5 10 - @ 40 -
o o oOF SRR O
\“ -
@]
O 5- 20 -
0
(c) Cancer cell apoptosis \ 2 y ) | 1.7 04
S — i/ . o ° J ' ' ' Non-irradiated ~ Neutron BPA 12h Micelle 12h
& ' \ ! Infiltration of T-cells mPEG-b-(PVB-r-PVBE) BPA control only
- o . . . . Presentation of APC to micelle _
&y ‘.__._—-—/ dendritic cells DAPI Dil FTIC Merged
~..Schematic of the combined S
BCNT and immunotherapy 5
(i Iriiie dhedkpsitt (ii) Binding of PD-1/PD-L1 treatment using the stimuli-
blockade with antiPD-L1, Immune checkpoint inhibits the . . . -
promotes the activation of T-  activation of T-cell responsive p0|yb0r0n|C acid 5'
cell micelles s
S
a) Synthesis of mPEG-b-PVBE via ATRP and the encapsulation of chemotherapeutic T
Y
drugs © % e
AL E
o A
5O m
. SIS
B g 2 ||| !n-vivo biodistribution of the polyboronic acid || In-vivo combined immuno-neutron
QP o0">N0 .. - . micelles in mice-bearing B10-F16 tumor capture therapy
. - . e . . . **P < 0.05 vs control
e 3 - dvvnm [ |BPA —E—HHc:lntr:uI : T
a s '. | { 35 - I mPEG-6-(PVB--PVEE) - ﬁIF,’;ITII;HiiLT-IHT

W
-
l L

M
n
|

**P < 0.05 vs BPA

—
n
|

(a) Chemotherapeutic

—
o
1 L

Pluronic
Mixed micelles strategy

"]
o
Percent tumor growth (%)

Boron concentration (ug/g of tissue)

(6)
l L

(b) Imaging contrast agent

—
L

l'_ II_'_

Heart Liver Spleen Lung Kidney Tumor

Post-irradiation (day)

Immunohistochemical staining of B16-F10 tumor tissue sections using CD3, CD4,
and CD8 antibodies

e ap e

B 3P 3:& "*w
ek 221
¢ 150 .
W

ee IMT

Preparation of darcabazine@polyboronic acid micelles via the mixed micelles strategy.

Release p

rofile of darcabazine of (a) non-mixed micelles and (b) mixed micelles at pH %

‘f“»'rf: P 'L',a

s0% | (a) non-

o8 .';.‘-.'. Ay ag b e 2% » i
R Pate o =
B ede 0 MG NI o0 B fadiim oL s e L <P B A be s
' 2 o\ T AT AL | ST OP N 3 £5% %) Fisal \ 4 g B ® o G 9 R .~, Y .
(¥ - %3 (Y >y ot * ¢ 4 & TR B he b e e '® - - 3 LIRS &
JOULL 5 G/ il it A 0 TS B OPe A A B S B AT Rt TSP A RO AN S S R ‘e £4 A il WA Y
EW _f  §Ty < PR e, T T L W B e e o o - R T | ———
S R L LN B3 8 ob 0%, 0 > &L L e b T ’pu_ﬁ‘. \_.. g
.i“.ﬁ;v."'r paoty S0 ." S OGS T S Boa, FRageee Pt x A Sy i t'_ ;‘ AR
LY phar] A & P 30 PRLA A 2 0 "o o e [ S Dl L AL TR w):
B a0l BV A “ MWota o7 8 [ - A Upats % o 27 My ARL QIS .“g 3
%e LY ) B "} ) " » -y A B o t AR
§ ML e o i Ry s VTR TR0 W A € O [ NP 4'4. AR NN 'o,,g" £ M x\) ' \'K Pl (%
FWa g 287 8N PO XTSRS B . e 9 et ] R N s W %% i 3 ot
a4t ) B e (7O ."..' U BLL il 8 Yes “p 8 4 oo oo W8l ave g“ g o e 8 i"',»' "é-
9 e Poma, “TA P F w? o RSN - ¢ prd Al W . ¥ \i&:‘.v‘"?‘ o 8 ¥ » 38 $ ¢
AW Ly AR a'e g Sy oy g > AP 0% SR Sk ) p2
WL ST S L B TR o g N s o I ST i

mixed micelles ‘ % ‘(b) Mixed micelles ‘

80%

70%

60%

50%

40%

% released

30%

20%

10%

0%

1y
5 .‘ cvuf-l
i'?a» ISR A

Pty A T oty L gD '-a"

% released

==pH7(1:0) ==pH5.5(1:0) ==pH7(1:0.75) ==pH5.5(1:0.75)

2 3 4 5 AN TR st B N A
% j’g‘j” .“P“ *«;‘:':) ‘.

| e » }ﬂ{v ’t"s'a L) e "1,""“"”‘*; e o wt 1"‘"’. g :;.‘ LA N o SN N ® % LAy 1o . i
2 3 AT SRR S SR T T AR i T S I e e O SO P AR A . 44 4 A2 3
. : | ;é:'ﬁ‘:’ ',"-,‘:,3 . . ":'; - .f- ',‘,f“’_,;g\'o—.z.g A,i Q:\'.- A 0dim L | B sty | "‘ N .":y;:n 3 . 'f'f LT SRS .'\ﬂ;f-t'”.-. by ,.'.:q.‘z; .;-": 1 A~ ¢ Gl “i Uik ‘uﬁ ‘j\s"“‘d‘ ”’\ 00 o, +
TI me (h) Ime BLACH SR T R Al Vel SE e Bl e SRRt s N SR WY TR A T



