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Supplementary Figure 1 cyTOF analysis of immune cells in the LES tissue. a, t-SNE plot of

the major immune cells found in the LES tissue by cyTOF analysis. b, t-SNE plots of canonical

marker genes for the major immune cells found in the LES tissue. ¢, Major immune cell

proportions for LES tissue and blood between achalasia and controls, colored by cell type. d, t-

SNE plots (left), marker genes (middle), and quantifications (right) of C1QC" macrophages and

Trm in CyTOF analysis. The quantifications were compared between achalasia (n = 3) and controls

(n = 3), and data are represented as mean + SD. Statistics: two-tailed unpaired t test. CyTOF

analysis showed an increased tendency of C1QC" macrophages and Trwm in the LES of achalasia



compared with controls. Macro/Mono, macrophages and monocytes. Source data are provided as

a Source Data file.
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Supplementary Figure 2 Single-cell transcriptomics of subclustered myeloid cells. a,
Comparison of M1/M2 macrophage phenotypes across all macrophage clusters, calculated by the
mean expressions of corresponding signature genes. Case, n = 9; controls, n = 4. The results are
depicted in boxplots, in which the value for each patient is represented by a dot, the upper and
lower bounds represent the 75% and 25% percentiles, respectively, the center bars indicate the
medians, and the whiskers denote values up to 1.5 interquartile ranges above the 75% or below the
25% percentiles. b, Pseudotemporal transcriptional trajectory of monocytes/macrophages using
DPT (calculated by Slingshot algorithms), PHATE and Monocle 2. c, t-SNE plots of detailed
canonical marker genes of myeloid clusters. d, Canonical marker genes of myeloid-derived
suppressor cell like monocytes/macrophages (MDSC-like monocytes/macrophages). MDSC-like
monocytes/macrophages highly expressed SI00A family genes of SI00AS8, SI00A9, FCN1 and
VCAN, and relatively low expressed of HLAs of HLA-DRBS5 and HLA-DQA1. Source data are

provided as a Source Data file.
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Supplementary Figure 3 C1QC* macrophages expressed transcriptional gene set and
marker genes similar to those of previously reported gut-resident macrophages. a, b, C1QC*
macrophages expressed transcriptional gene set similar to those of previously reported gut-resident
macrophages of human (c) and mouse (c). ¢, d, t-SNE plots showed the high expressions of CD4
and TIM4 in C1QC" macrophages (c) and validated by multicolor IHC (d). CD68 (red), C1QC
(green), CD4 (pink), TIM4 (magenta). Scale bar, 20 um. Arrow, C1QC" macrophages. Source data

are provided as a Source Data file.
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Supplementary Figure 4 Comparison of marker genes of myeloid cells with previously
reported neuronal-associated gut-resident macrophages gene sets. a, Comparison of marker
genes of myeloid clusters with previously reported neuronal-associated gut-resident macrophages
gene set. b, Comparison of marker genes of myeloid cells with previously reported neuronal-
associated colonic macrophages gene set. In the study of Domanska, they performed scRNA-seq
and found neuronal-associated colonic macrophages were similar to gut-resident macrophages.

Source data are provided as a Source Data file.
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Supplementary Figure 5 Single-cell transcriptomics of Trv subclusters. a, Gene set variation
analysis (GSVA) analysis comparing the marker genes for Trm with previously reported signatures
of Trm. b, Metascape analysis of merged marker genes of Trwm. ¢, d, Heatmap (c) and t-SNE plots
(d) of relative expression levels of canonical marker genes across Trm. e, Metascape analysis of
marker genes of Trm subclusters. f, Pseudotemporal trajectories of CD4" and CD8" T cells using
the DPT algorithm. g, Heatmap showing the continuous phenotypic variations and pseudotime
with cell-type-specific gene changes. Statistics: P value in (b, e): Fisher’s exact test. Source data

are provided as a Source Data file.
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Supplementary Figure 6 Detailed TCR repertoire based on T cell subclusters in achalasia
and controls. a, t-SNE plots of the TCR repertoire. b, Comparison of the cloned TCR repertoire
of different T cells between achalasia and controls. ¢, Heatmap showing differential TCR and VJ

recombinations between achalasia and controls. d, Comparison of DEGs associated with cloned



expanded and unexpanded T cells between achalasia and controls. Source data are provided as a

Source Data file.
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Supplementary Figure 7 DEGs for C1QC* macrophages and Trm overlapped with risk genes
for achalasia and other neurodegenerative diseases. a, Comparison of DEGs for myeloid cells
and Trm with risk genes for achalasia identified by whole-exome sequencing (WES). Only the
points with P < 0.05 were illustrated. b, ¢, Specific DEGs for C1QC" macrophages (b) and Trm (c)
overlapped with risk genes for achalasia identified by WES. d, Significant levels of the overlap
between DEGs of achalasia and risk genes for other neurodegenerative diseases from the GWAS
catalog (https://www.ebi.ac.uk/gwas/)), including PD, AD, ALS, and MS. Both the axis and heat
key are represented as p value (Fisher’s exact test). Statistics: P value in (a): two-sided Wilcoxon

rank sum test. P value in (b-d): Fisher’s exact test.
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Supplementary Figure 8 DEGs for C1QC* macrophages and Trwm overlapped with risk genes
for MS. a, Venn diagram (upper) and heatmap (lower) comparing the DEGs for C1QC*
macrophages with risk genes for MS identified by GWAS. b, Venn diagram (upper) and heatmap
(lower) comparing the DEGs for Trm with risk genes for MS identified by GWAS. c, d, Metascape
analysis of overlapped DEGs in C1QC" macrophages (c) and Trwm (d) with risk genes for MS
identified by GWAS. Statistics: P value in (a-d): Fisher’s exact test. DEGs, differentially expressed

genes. Source data are provided as a Source Data file.
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Supplementary Figure 9 Achalasia was characterized by altered interactions between
C1QC* macrophages and Trm. a, Heatmap of the putative differential receptor-ligand
interactions in achalasia compared with controls. b, Specific upregulated and downregulated
interactions in achalasia compared with controls. ¢, Circos plot showing all putative upregulated
or downregulated interactions between C1QC" macrophages and Trm subclusters for achalasia. d,
e, Top-predicted differentially expressed ligands and target genes between C1QC" macrophages

and TrMm. Source data are provided as a Source Data file.
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Supplementary Figure 10 DEGs in type I and type II achalasia. a, Bar graph showing the
upregulated DEGs in myeloid cells and lymphocytes in type I and type II achalasia, respectively.
b, Dot plot showing the expression patterns for selected DEGs in C1QC" macrophages and Trwm in
type I and type II achalasia. Statistics: P value in (b): two-sided Wilcoxon rank sum test. Source

data are provided as a Source Data file.
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Supplementary Figure 11 Transcriptional difference of immune cells between peripheral
blood and LES tissue. a, Dot plot showing differential expressed genes for immune cells between
peripheral blood and LES tissue. Statistics: two-sided Wilcoxon rank sum test. b, Metascape
analysis of merged differential expressed genes between peripheral blood and LES tissue. Statistics:

Fisher’s exact test. Source data are provided as a Source Data file.



a

log2 FC (case/control) “10g10 () SR
« o @
- 0 1 2 5 10 et s .
— 2 WP619: Type |l interferon signaling
-] 4 ;Eggﬁ gf&:'}ga :EE?F R-HSA-1280215: Cytokine Signaling in Immune system
CYBA  SNX3 SNHGT G0:1903828: negative regulation of protein localization
CEBPD  SPI vex1 G0:0033365: protein localization to organelle
D GO:0071345: cellular response to cytokine stimulus
GNB2  MZT2B8 || R-HSA-9633012: Response of EIF2AKA (GCN2) to amino acid deficiency
FAM26F KRT10 | R-HSA-6798685: Neutrophil degranulation
hsa04144: Endocytosis
hsa04666: Fc gamma R-mediated phagocytosis
G0:2001242: regulation of intrinsic apoptotic signaling pathway
G0:0031329: regulation of cellular catabolic process
GO:0046597: negative regulation of viral entry into host cell
GO:0061515: myeloid cell development
G0:0043270: positive regulation of ion transport
Rz FAMIIEn GLEG1ZA Lol
JUNB  ANXA1 e R-HSA-1280218: Adaptive Immune System
WP411: mRNA processing
ALIN FOSB ANKAD WP4211: Transcriptional cascade regulating adipogenesis
- A EGR1 CRIP1 ARAP1 hsa05150: Staphylococcus aureus infection
Q § s 3 RETN _C20orf27 UBC G0:0071229: cellular response to acid chemical
g g g Q E] i & F g B
: e " 2 £ ©
5 A iy 5 5% % g
o o o = = 2 2 A
2 E oS o -
; £ 2 & 5 B
2 3 3 g 2
g 2 gz
5 kS 5
&
b log2 FC (easercantral) -og10 {P) e il
- o0
- 0 1 2 5 10 3 Iy g e o
S RAN RoRARAR S RAr N E.EalO - §im RFS26 SFPQ KHDREST WP5098: T-cell activation SARS-CoV-2
K ouEas o M115: PID REG GR PATHWAY
RPS2 EMNL1  STUBT hsa05163: Human cytomegalovirus infection
= MZT2B  YBX1 SNX3 | | GO:0001775: cell activation
N a . PNRC1 PPDPF  ARFG& G0:1902532: negative regulation of intracellular signal transduction
{ WP3888: VEGFA-VEGFR2 signaling pathway
C190rf43 GNB2  MZT2A B [ ] G0:0002250: adaptive immune response
| GO:0051249: regulation of lymphocyte activation
GO:0070663: regulation of leukocyte proliferation
4 [ | R-HSA-1280218: Adaptive Inmune System
] GO:0050778: positive regulation of immune response
6 [} R-HSA-1280215: Cytokine Signaling in Immune system
L { ® 8] [ | R-HSA-913531: Interferon Signaling
G0:0002683: negative regulation of immune system process
38 | JUN g.grg;:.k Eﬁm@& ' N | GO:0001819: positive regulation of cytokine production
RPS29 |ER2 CDK5RAP3 | R-HSA-8953897: Cellular responses to stimuli
DDX5 CDC42 DDOST R-HSA-8953854: Metabolism of RNA
H R GO:0071345: cellular response to cytokine stimulus
8 EIF4A1 DUSP1  ZAP70 | | R-HSA-8868773: rRNA processing in the nucleus and cytosol
m_ TT ENEEREENYE ¥ L UBC _ SRSF5 RPL38 hsa05012: Parkinson disease
Y S - -szzzzzo ] A33IRAIIFGEZZEERRD
AEESEEEFEE R R IS pEEtagieeaddelingt
§888838883-:88%5¢8¢8¢ 22885 B8zsredifany
fFEEEPREEIEP QL2285 ggEsRpgggsa™ ¥ 0§
Qa3 L oo e s qq N 3, -] SO LhEZQRZEHL G 8
e 8rxNcd2E5a0 2 2325205803402
Ak =Q ELE AL} = ES 235
S4Xa2x33<x*xg8k 5 33
3 <32 3
C Te8_CD8-GNLY B2_CD27 Plasma_CD38
Low expression High expression Low expression High expression Low expression High expression
in case in case " In case In case in case In case
4 | » ¢ | > 4 ' >
60 : 60 " 8 " Ak
KIR2DL3 | | . 5 IGKV5-2 FCRL2 |
] RPS2 RPS26 7
| | RPS29 | 1
0 | KLF2  Rpsos % . | .
HLA-DRBS | I & 1
ol | ) - | . 16LV5-52
o uTs2 | *PPDPF o A [ [ POLM,!
a oy S a - R : IGHV3-23, " .CvBA
S coaz © 1 RPgz  cMTA St | cveA =PI I
S |KLRBI khes” | 2 I Q | I6KVID-T6 y .
- £ 5 | FGF = I PNRCY -3 5 1 LYSE
Sk S8 . i - LClorf162 ot I ~oSNHGT IGHV3-25 13
HLA-DPB1 N X
TYROBP .. : o : , *MzT28 2 HLA-DRB1 : « IGLV6-57 IGKV3-20
-
10 . [ DN 101 1528 SERG |k' *
o . 1
. | b | 1
1 PTGDS s | e 1
0 0 0
-1 05 0 05 1 15 1.5 0 05 1 1.5 2 25 -8 ] -4 2 0 2 4 6 8
log2 FC (case/control) log2 FC (case/control) log2 FC (case/control)

Supplementary Figure 12 Achalasia-associated transcriptional changes of immune cells in
peripheral blood. a, Dot plot (left) and Metascape analysis (right) of DEGs for peripheral blood
myeloid cells between achalasia and controls. b, Dot plot (left) and Metascape analysis (right) of
DEGs for peripheral blood lymphocytes between achalasia and controls. ¢, Volcano plots showing
the DEGs of GNLY" CD8" T cells, CD27" B cells and plasma in peripheral blood between

achalasia and controls. Statistics: P value in Dot plots (a-left, b-left) and Volcano plots (¢): two-



sided Wilcoxon rank sum test; P value in Metascape analysis (a-right, b-right): Fisher’s exact test.

Source data are provided as a Source Data file.
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Supplementary Figure 13 Illustration showing the possible pathophysiology of achalasia.
C1QC" macrophages and Trm were significantly expanded and localized surrounding the
myenteric plexus in the LES tissue of achalasia. C1QC" macrophages were transcriptionally
similar to microglia of the CNS and exhibited a neurodegenerative dysfunctional phenotype in
achalasia. Trm also expressed transcripts of dysregulated immune responses in achalasia. By
potential interactions, the C1QC" macrophages together with Trm might cause the ganglionitis and
loss of myenteric neurons. The loss of myenteric neurons could lead to the aberrant esophageal
peristalsis, dilated esophagus, and impaired relaxation of the LES, and finally the occurrence of

achalasia.



