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Abstract Fluorescently labeled antibodies were used to isolate T cells, B cells, natural killer cells, and dendritic
cells. Single cells were then sorted using the CellenONE single-cell sorting system. During the sorting process, an
approach of mass-adaptive coating-assisted single-cell proteomics (Mad-CASP) was pre-added to the wells of the
sorting plate to reduce subsequent protein adsorption to the plate and chromatography column. The single-cell
proteins were extracted and digested, and the resulting peptides were analyzed using a liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Protein identification was conducted using the Maxquant software’ s spectral library

function in combination with the "match-between-runs" feature. Venn diagrams and UMAP (Uniform manifold
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approximation and projection) were employed to analyze the protein expression differences among the four cell types.

The specific proteins of each cell type were subjected to molecular signature database mouse immune pathway
enrichment, with the top two pathways selected for further analysis. Simultaneously, fuzzy C-means clustering and
KEGG (Kyoto encyclopedia of genes and genomes ) pathway enrichment were used to analyze the quantitative changes
of shared proteins among immune cells. Finally, a single-cell proteomics map specifically for mouse peripheral blood
mononuclear cells was generated, providing significant insights into understanding the functional characteristics of
immune cells and identifying key protein markers related to diseases.

Keywords Mouse peripheral blood mononuclear cells; Mass-adaptive coating-assisted single-cell proteomics; Cell

map
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1 SEIGERS

11 KFENEE

ICR /N E mPBMCs, iR AW RN A R Al 5 FITC anti-mouse CD3 %¢ Y6 T (445 1 124 5
(0.5 mg/mL) , Alexa Fluor® 700 anti-mouse CD19 %% ¢ $it 1K 47 i i 7 (0. 5 mg/mL) , PE/Cyanine7
anti-mouse CD49b ¢ YeHr A FRiC A (0. 2 mg/mL) F1 Brilliant Violet 421™ anti-mouse CD11c DGR bR
107 (0. 2 mg/mL) , 3£ [ Biolegend A ; ZJiE (ACN) FIHI 2 (FA) , ¥ K4l , 3% E Thermo 23 7 5
P25861 G KB (A ikal) | = 3 F B4 L F e (Thiourea, A= WIH AR 4l) F1 = (B FH L) S BLH ¢ (Tis, 46
F£99%) , A=W TREC ) A RRAF; B AR (DTT, 5{5146) , it Roche 2wl 5 Tripsin fiff (54l
FIHLZ e (TAM, 2652 99%) , 5515 Promega /A F] ; DU Z IR AL 4 (TEAB, 1 mol/L), SEEIFEER KA H];
+ A HE-B-D-ZZ ZEWEIF ( DDM, 41 99% ) , & K Merck 247 ; JR 2 (Urea, 413 99%) , IIARHEA 1L
BB F] ; BERRZE phV R (PBS, ARIEIRIE 1x), JEE Gibeo A H]; BCA B FIE RN &, HiFH A KE
WIRHEABR A A

F1. 4 % CellenONE B2 il 73 VEAYL , 8% Cellenion 23 7] ; Agilent 1260 %Y 25 208 A7 (4, 33% 1 (HPLC) ,
% [ Agilent 2w ; EASY-nLC 1200 B /55 2808 AH 4,335 {FN Orbitrap Eclipse % i 73 B BTG (MS) , &
Thermo 23 ] ; Countstart Rigel S5 FI5¢ G AT, FIFEEE YR A A A .
1.2 X
1.2.1 mPBMCs 873K B JefF 10 mL 58 @R ik . A P s ICR mPBMCs, 37 “CKiR
FRR PR I 0 20 B 2R T 0 ZE TR B B ARG R, LA 650g 1.0 5 min, 375 FJZIEW, A
1 mL PBS ZZ Pyl S AL, o FH 15 Wy W 4 T4 14
122 MU TOEARIE B 405 100 WL 240 LR 53 0 BT 41 15 mL B, 20 B ik B2
#J FITC anti-mouse CD3, Alexa Fluor® 700 anti-mouse CD19, PE/Cyanine7 anti-mouse CD49b #/1 Brilliant
Violet 421™ anti-mouse CD11c FHLIFRICANNE, F 4 CREEHFE 20 min, JIA 2 mL PBSZE i, LA 3509 5%
BB 5 min, 3525 B2, A 200 L PBS 28 i 85 BL A0, SROGIRAE T ok e, Fmik.
123 By otk BN H & WS mg BB KRB 50% (R FLZ %00 ACN BU il B 2 pe/pwl i
W, FBAKFRER 0. 2 pg/ul, 17 384 FLAFF A 15 L s K IKBOA W, T4 “CIFF 8 hJe e Tk
&, B FHEE 10 min 22 2RT . 054 SE K PERRER) 384 FLARH A 1 wL 0. 2 mol/L TEAB %
T, BRI A543 1 Y 4 RO EARIC R AIIE , AFLGIBEES . 1835 A A i FL AR A T L
RAVEW10 wL 100 ng/pL Tripsin f§+20 pL 1% (54350 DDM+10 pl 1 mol/L TEAB+60 L 4lK |,
F37 “CKIE 2 WG RIIRBOA W, B o4 .
124 #EHADIREEE & Kok AR I TR A E T 0E T, BOnk LR
W, A L3 24 [ 429 (5T 1 53500 Urea+ 15. 2% (5T 53458 Thiourea+0. 24% (5T 5t 43450 Tris 22 M+
gliZK VRN I REI I, #2875 10 min, DL 2500g 5632500 15 min, WEE 2B WIFMADTT, F55 €K
WV 30 min. AIAIAM, B FREEH W 15 min. I BCA 25 A E iR i) A0 8 5 R, 5 100 g 25
FIBINA 2 10 kDa #B U84 H, LA 1200g 55 3 250 20 min, JIIA 100 pl. TEAB, %03 7K, JIA 100 pL
Tripsin BFAR, BEfE 12 WS B IRBOA T, K HA VR T . (H HPLC 20 B KR, I BIAH A S 5% (1R R4y
BOACN K (pH=9. 8) , 43 BSHE N Gemini C18 4 (4. 6 mmx250 mm, 5 uwm), Fii# 4 1 mL/min, F3HHHC
7 95% (PR 43 %0) ACN % (pH=9. 8) , B B BEIB 454 : 10 min, 5%C; 40 min, 5%~35%C; 1 min,
35%~95%C; 3 min, 100%C; 10 min, 5%C. 7£ 214 nm P T Wi B g -4 0 il g — 450, $2 08
SRR G IR S, 193] 100413, KA VRI TAR KB TR, RERTE 34T
125 ®a# g H0. 1% AT E0 FA B BCR 22 R 41 5 RRBERR B, {8 A HPLC B SR AR = ik
7388 . KIS0 °C, 20 Bkt g B2 C M (1.9 wmX75 pmXx250 mm) , WS A N 0. 1%FA W, 7 E
250 nl/min, VRN 451 : 5 min, 4%~10%B(80% ACN ¥ +0. 1% FA V) 5 80 min, 10%~30%B;
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15 min, 30%~40%B; 10 min, 40%~100%B; 10 min, 100%B. £ HAH €143 55 i Ik B 1 nanoEST I 25
FACSE , (A AR G A TR I . S A3 b R PR R AR (DDA, E SO E : B TR
HL 2000 V, — 2% 5T 3% 45 4 Y Bl m/z 350~1500, 43 B2 12000, MS 3l &3 15 45 6l (AGC) H Fr ik B
Custom, MS & KB FVE AR E] 50 ms, — 2T 4h m/z 120, 23 FE3 30000. MS/MS AGC H Hp 5
Custom, MS/MS Fx KB T ABFE] 100 ms. R A0RE B F 0 e 5544 . Hafuf 24~7+, B T-HEZEE
HCD, 7EFEA PRI e F B 1, TESRE R 28%, 43 BT K miz 1. 6, ShASHEREITR] 60 s.

FH 0. 1% (B 50550 FA 15 800 R 020 M IR BES W, >R FH -5 P22 4 93 A TR) 7 YR AH 23 ik idE A 743

2, FUES MR H DDA, FESEOE : &I 2000 V, —Z5iE 445 E m/z 350~1500, 43
PR 24000, MS AGC HARGRIE Custom, MS it KB T ARTE] 150 ms. 2% FEALHH m/z 100, 43 HER
30000, MS/MS AGC HA75 B Custom, MS/MS f5z K #5714 AR E] 100 ms. AR 2L BE 25 i BE 5% 14«
HLff 2+~7+, 85 TR HCD, FE TR h EA TR R B8 7, PR RE I 28%, 4y B H Mim/z 1.6,
A HEBRIHA] 60 .
12,6 HAEHH ZFH0MN K MaxQuant (2. 0. 1. 0)38 FERAEXT T i IS AR R TR 2R, SR UniProt
B (2022 4F, UP000005640_9606) 47 IKB I, R R 45 IREEAG Y, S/ MNIKBC B 7 2 3
R s FRVFAKT 2 TR YIL A s AT AR M Sk B 2R 1) SR AL IR B N-3i 8 2 8k Ak 5 28+ MBR; FDR 1% &
F1%. RS T-BOTE 2 R I T UMAP 43HT, R 4 8L i i o 5407

2 #R5itE

2.1 KIETFE

S A TChR OB 40 i 2 1 B 2 27 1 7 %t mPBMCs #E4T THFS9E . b T 26, 528 b
T Mad-CASPH AR, 7843 BE A BT 7] 384 FLAR "R A =5 K M i KB 0 8, Bl Je 2% bR IR B VA W4
T, KB A AR RE b YR /N RO M B A A R A T 5, I RS bR 103 4335 H T 41
JL . BANAE . NK 2N DC A, FHAr ik 2 Wb BRAT Y 384 FLA T, ) B4 FL NI AT 25 F B G 41
it SR R L AR BRI e 2 1, 53 1 IR BV TR 28 LC-MS/MS SR AR K d 5, i FH Maxquant #07F 18 )% 43
Br. TEBHRAA TSR D, AT B S R T A kst R PCEC TR (MBR) , FE43 e I8 B it 2508
() ik ml TR A P PR A A e B A 2, NI RS B 2 B 1S 45 2 . AT 20 8 11 /A%
Al AR B 2R T B2 i mPBMCs A A I AR 11 BT 20 27 (513, SC50d FRAN0 Scheme 1 7
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Scheme 1 Single-cell proteomics preparation and analysis process for mPBMCs
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2.2 YHREZEEIS%

PSR 18 J4E , i rh i & I AR B T AR TR A RN, Ik A i IR AT 20 pg T . BT
ﬂ%ﬁﬁ%&ﬁxi%ﬂ@ SERGH T CellenONE B4 23648 . %A AR RE S A2 AU/ VB , BT P42

— A s FEREAS R G AR, BRI M 433 A AT XS VR PN ) A R A T S A ARSI, AR
EXQIHH@ FIR/ M BRI E S . 7R B I 40 (U6 mPBMCs #EF TR IR, & BE mPBMCs Y FLAE 2
H8~15 pm, R A 1. 0~3. 0(F 1, n=391). IREHE LI T mPBMCs AR 1) Z A FIEE & 5 i
S, E20(A) R T R sk AL TSN, B 2(B) Rz ity A 9O fE S, WER T 4r kit
FEAARCPE R .

30

(A) (B)

24| »
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Fig. 1 Distribution of diameter(A) and elongation rate(B) of 391 mPBMCs obtained from CellenONE

Diameter/um

- Diameter [um] Elongation ~ Circularity  Intensity
S0 1275 175 1.08 62.84

Fig. 2 Page of CellenONE sorting individual mPBMCs with fluorescent signals

(A) Sorting of cells; (B) recognition of fluorescence.
2.3 Mad-CASPH ARE /D EBHK
Mad-CASP 5 A 14 JCFAE T35 240 L R 7E 384 FLAR M Se I A — & W B 0 v it K PR IR B, T2t
AR . (1) A BB s K P 17 i T = :

JBT 45 6 BN B 22 AL AR AL P TS A A R 1500 |- mCom
(2) FEREIHEER (IRENALIT . POBKPERKEBE AT A 4% E Mad
A, R/ TR 2 A 0 T 0 2 A g 100
B 3 (3) LEFIESHOT , mi BREREAT, 7 5

i K VR B AT A S Rt R A rh R, AN 20 B
20 N IR B ) M 7 R R . SR AR (8] 3) R B, 0
AR AT ] AR A R A A0, X BRTS L
Ja E R T E BB A ST, Al W ZIR)Z _
g BT LR 11 2 5 2 A B A M A 2 1 4 ficatu?ns between the common pretl.'eatment
A NK A 1 g, Dol e
%Egﬁ El : * indicates P<0. 05, ** indicates P<0. 01, n=5.
2.4 UMAP ST Fn4E B E 247

UMAP K5 g 45 25 1 B8 W = AR A (0], R85 1 AT A9 s SR — 2, il 4(A)F)T/T :
T AR AN, RO E g 1 IZ AN R AR 1 BT R RO & EP?LEJZT 4R
IR R A R AL, AR MO AR B — S B D RE S b . i o B IR SR AR, ﬂﬁfﬂmlﬁ]éﬁiﬂﬁ

DC B T NK

Fig.3 Comparison of the number of protein identi-
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FEGIZE T RN ARAE S 0 A5 A PR A P B AR I T RE 22 5%, 1R 45 S B F IR A PRAR L5 o1 K A Gy B il
HEPER . O T 558 mPBMCs HOR[RI G RUAN AR A 85 (1 25 55, 01 o 4 Fl 40 0 % 2 L B E A T T 42
. E 4B AR, TANIEILEER] 1508 MR, BANMILKER] 1756 1 11, NK 40 L4 ) 1423
AR, DC MY 1] 2831 MR . 4ERE 45 R Eon , TANMA 199 MRS, BAIMAT
214 R SERR T, NKANMA 208 MRESE R 11, JLs2 B A 5554~

(A) Condition
‘ . B
« DC
° NK
T

UMAP2

UMAPI
Fig.4 UMAP analysis for clustering based on protein 2D analysis(A) and Venn diagram to analyze

protein differences between different cells(B)

25 BEESESW

XTI 4(B) R EEFRANIE AR PR IR T T 43 TR IE R 22 (Molecular signatures database , msigdb)
/N BR A g2 0 I AR Y, PRI 2 S 0. 05, AT ECHE T 1l 2 i s il 1 s AR R (B 5). 78
GSE27786 %445 rh ¥ T NK 4 (4 4 St JE IR, B 7R NK 20 A G sz Dy R IR 19 B 5 L A M A7 A 22
S, FET AT gE— ST NK 40 S 835 7R . X DC 4R S d I e f 7 R B0, DC 40 7E 40 i 25
PE T 4HE (CTL) feyze i 22 P 2 CEVE T, WA RO CTL, AHMEHF T2 B-1 (IFNB1) & B Z A HUK
BN T, #E DC 4 Ma ol RE IR 7 1H HAT SEEVE R . A, DC AR B bt i S 4 >, YE%)
T T ARMEREGE FCIZ T A e v B SR, 76 GSE3982 £l A Hh 4k i T S IR 240t 51242 T 4
JH ) 22 S 2R ARG . ZEXT S D RESR Y T 40 B T AR R T T A ARy S P A R 0L 18 T R
, BEIE AL AE K I F-B(TGF-B) " 7E CD4+ T A stk A sl g vh HAA S E/E A, LLS CD8+ T 4l
BN A A R R T REAR AL, AT B FAF5E B B S e M i A i L A SRR FE iR T
HUAR . LI B AR AR SR AR I Tl B R AR, AR T B 2R ) I A A o0 Ak R e g i DA S
DC 4l 3R35 22 A0 I, L5 B A0 S0 b 225 8 15 ML ) 2l RE A i JCHK

-logl0(p valuc) »2 3 @4 @5 ® 6 CcllType *B +DC+NK- T

Comparison of CD8 T cells vs. NK cells
Comparison of NKT cells vs. neutrophils °
CD8A+ splenic dendritic cells: wildtype vs. IFNB1 knockout mice °
Comparison of dendritic cells(DC) vs. central memory CD4 T cells ]
CD4 T cells: IL1B, IL6 and IL-23 vs. IL1B, IL6 and TGFBIL

CD8 T cells during chronic infection with LCMV-Clone 13: effectors at day
15 vs. exhausted at day 30

Comparison of naive B cells vs. plasma cells from bone marrow and blood L

Comparison of naive CD8 T cells vs. day 0 monocytes (]

5 10 15 15 15

Count

Fig. 5 Immune pathway enrichment for T cells, B cells, NK cells, and DC cells
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J TR e A R R S SR DIREIIOC R, SR Mfuzz 432856 4 Rt i iy e =2 B (A TR C
ﬁj@%%(l?uzzy C-means)'?’, #4218 4 Fp 40 A% 85 1 2 s (E A AR L FOR R T 675 (Kl 6), %L
4314 86, 91, 111, 97, 1127158, ARIFEME (A7E 4 FhAIME A ek BoR HAR RS . fEARRFEH E
RAIE R G I PE A OC KEGG %, FEAN R s 4t T 8Pl , 45 il B 6 A (W) 240 i v
()RR AN, BN [R) 20 B mT BB AEAS ] B4 DR I B A i Ft b B AR VR R . alad b bk
RAGER, ATUR AT AN R B 1 37 G g8 s 1 A B e PR Fh A DI RE , 8 T A R S8 s 1R L A 5
FNETEIRTTHE R PRIt

Membership Expression P value
[ - [ ;- |
02 0.4 0.6 0.8 -1.50-0.75 0 0.75 1.50 0.010.020.03 0.04
A
Cluster 1 N
n=86 o
o Systemic lupus erythematosus
Cluster 2 ® Neutrophil extracellular trap formation
n=91
o Complement and coagulation cascades
Cluster 3 ® Systemic lupus erythematosus
=111 ® Neutrophil extracellular trap formation
o Neutrophil extracellular trap formation
Cluster 4
n=97
‘ o T cell receptor signaling pathway
Cluster 5 © Leukocyte transendothelial migration
n=112 ‘ ® Fc gamma R-mediated phagocytosis
® Chemokine signaling pathway
———— ——— o Leukocyte transendothelial migration
Cluster 6 © NOD-like receptor signaling pathway
n=58 —
B DC NK T

B DC NK T

Fig. 6 C-means analysis and KEGG immune pathway enrichment on shared proteins of the cells

3 &

K FH— i B A R0 2K B JOAR T B4 B B 1 T 427 R B mPBMCs FO 2R LB, ik i AR
9 8~15 pm ANy 1. 0~3. 0 A/ RS E LB A0AE . FER AT FE R, SR F Mad-CASPEAR
AT BH S R T R IR, R R B P e B S B A B 0 1 B AN L T A0 . DC 40 iR NK 20
M, AR B B S S . SR AR £ T BEEA T msigdb /N SRS REm 1% 4, A TSGR T 2 19
T PRSI, 133 TS A M R SRR B, R Mifuzz A0 4 0 20 i A 2L S AR T C (R
X, BB T 6 ERBEAARIME N, &4 H TAHN FRIBBIH el . A ST 4558 /N
‘EFL S e I REFN e AL B ST St T I

Z % X W
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