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Microbiota humanization drives human-like
metabolic and immune transcriptomic shifts in pigs
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Highlights

Gut microbiota-humanized pigs were successfully established via of pigs with humanized gut microbiota.

Human-like remodeling of serum metabolome was achieved in humanized pigs.

Transcriptional reprogramming of immune cell subsets in humanized pigs revealed shifts toward human-like

metabolic and biosynthetic activity.



Composition changes of the gut microbiome in the humanized pigs.

(A) Richness (B) Bray-Curtis distance to Human
450 ol 087 0.94
ns - .
400 — s =
e 0961 -
a . ) #
S 350 . Q .
© T .
= ]
300 O gl
250 E
" 0.94 4
(I\ '\Clb ‘Zr%.' i .
& % o O ) 2
(Q @ A \Q 0@ .
Q\O N \e'b R Q‘@r bQ\q
< YR
° N
<@
D) 100 _
(D) BHuman OPig
o 80
Q
G
© 60
5
0 >
% £ 40
= C
© 20
o)
o I% _* %
0 i — . = N . . e, . .
D D @ @ D D D D D D &
& PP PP PP
& D F e Y S
F &V F PSS &
F O & © 0‘& S
VT AN R ¥
Cpe’.o ‘?’g & @Q Kﬂ\) <
Q Ob 0’2} \\Q'
é@

(C)

Relative Abundance T Relative Abundance

Relative Abundance

in phylum

100% (wm

75%

50%

25%

0%

—
o
o

N B O
e eoleleNe

100
80
60
40
20

=

Bacillota

Bacteroidota Bacillota
100
o 80 LE S
o)
Bacteroidia Bacilli

Bacteroidota

Phylum

B Others

Chlamydiota
B Campylobacterota
Verrucomicrobiota
Actinomycetota
Fibrobacterota
Spirochaetota
Thermodesulfobacteriota
Pseudomonadota

Bacteroidota
Bacillota

20
15
10

S)

0
Pseudomonadota

® Human
B Pig
O Human feces-transplanted pig



Humanized gut microbiota alters the serum metabolite profile in pig
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Single cell transcriptome atlas of PBMCs in humans, pigs, and GMH pigs
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Single cell transcriptome atlas of PBMCs in humans, pigs, and GMH pigs

(©) CD3E CD19 GNLY
LYZ FCER1A TRDC
A
(D) ° g
B I o e : I Human
K
CD16+ Monocytes ' : * M Pig
CD14+ Monocytes [ ; o o
. S
B Cells , o ° . o s
. . L J o g
NK Cells | o - : A < g
@ o . . L ] ® -—
T Cells I e . 3 S
0 . —_—
<<, v v O (1% v o
0% 0Q~ é ’1«*\ O\; i '5<,g~" \
Percent Ez)g)ressed Expressmn Level
e5) Humanized Pig
e75 h
@100 ILow

I Humanized Pig

Expression level




Single-cell dissection of T cell subsets in humans, pigs, and GMH pigs
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Single-cell dissection of T cell subsets in humans, pigs, and GMH pigs
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Platinum drug resistance

HIF-1 pathway

NOD-like receptor pathwa

Protein processing in E

dherens junction
Th17 cell differentiation

Leukocyte migration

ight junction

~ Spliceosome-

MRNA surveillance pathway-
RNA degradation

Cellular senescence-
Retrograde endocannabinoid-
Endocytosis

Regulation of actin cytoskeleton-

O-glycan biosynthesis

MRNA surveillance ﬂathway

Hematopoietic cell lineage
Oxidative phosphorylation-
Cardiac muscle contraction

IL-17 signaling pathwa
9 RN/—‘?tp X

LRSI

z
:

ransport
Phagosome
Ribosome
Thermogenesis
* o >
S &S
-Log10(Pvalue) Gene ratio
125 ® 004
100 ® 006
75 : 0.0
010
5.0
@ o

=== Humanized Pig

upregulated

(G)  Active CD4 and Active CD8 T cells

|
RNA degradation g

Retrograde endocannabinoid
NOD-like receptor pathway

Steroid biosynthesis -
Citrate cycle (TCA cycle)
Mitophagy
] Apoptosis
Parath¥_r0|d hormone pathway E
h17 cell differentiation

Relaxin signalin%pathway

Ibosome

HIF1 Insuliln resisttﬁnce-

-1 signaling pathway+

¢ Etgd%cytosig-

Cellular senescence-
Necroptosis

Oxidative phosphorylation-

Hematopoletic cell lineage
Carbon metabolism

RNA transport-

Phagosome

Thermogenesis-

Spliceosome-

Protein processing in ER-

Rap1 signaling pathway
Regulation of actin cytoskeleton

*» o
S &S
-Log10(Pvalue)
12 Gene ratio
10 ® 006
8 @ o009
6 ® o1
4 @ o

Humanized Pig downregulated

(H) GNLY CD4 and GNLY CD8 T cells

|
Thermogenesjs
Retrograde endocannabinoid
Riboflavin metabolism L]
Porphyrin and ch,loror?h Il _j:
&

ito
Th1and Th2 c
differentiation 1

Th17 cell differentiation

NK cell mediated cytotoxicity
Oxidative phos ogylatlon

Whnt si naIiF%rp thwa

) roptosi

FcgR-mediated halgoc osis
é a

Ribosome

, Spliceosome

Protein processing in ER
T cell ec%ptorp thwa
NA transpo

1

P

B cell rece hwa
ndocytosi
Relaxin pathwa
Cellular senescenc
actin cytoskeleton
Chemakihe pathwa
cGMP-PKG pathwa
PI3K-Akt pathwa g ||
. Mismatch repair
Citrate chcIe TCA cﬁle
NA polymeras
Propanoate metabolism
DNA replication
IL-17 pathway
TNF pathwa
) Oxe/tocm Dathwa
NOD-like receptar pathwa
cAMP pathway

_Log10(Pvalue) S ES
Gene ratio
125 * 004

10.0 ® 006
75 ® o008
& o0
@ oz

3

5.0



a p-DC
o CD14+
Monocytes
® Mono-DC
o CD16+
Monocytes
UMAP1
(E) Monocyte
CD16+ Menocytes CD14+ CD16+
Lysosome
os Retrograde endocarinabinoid
a IIuIar senes ernce
|ne|:)a way
0.5 Hemetepoletlc cell ineage
I_- Gastric acid secrefion
Leu kejﬂe mlgratlon
Th1 and Th2 cell difeiaanSon
Regulation of actin cytos keleton
CAMF’ 5|gnel|ng pathway

eis%nﬁ gq_;— anlm
F"o[emlp'ocesswg in ER:
nsulin resistance

enesis
Oeteoclast d‘ fifterentiation

Ox eath osphorylation

Meuro! rephln pathway

I; eu: 051S

MA way

RlG-IHike receptor pa way|

Toll-like receptar pathway

NF—kappe B pathway

[TTTTTT
t

(=]}
=
1=
]
[T

C-type lectin receptor Fathwey

bolism
NODHike recewo Bg nﬁg — -
mTOR pathwaly =

-Log10({Pvalue) Gene rafio
. 008
12 & ou
& 015
L R
4 [ WES

4

== Humanized Pig upregulated
Humanized Pig downregulated

B Human
B Pig

[T R Ny~ T

Cell type proportions
e T e Y e Y e |

(F) __DC
MeneDC pDC
RNA 95 g R ynmnl, S
bosome

Spliceosome
cn Inskulln sugnallng pathway
mokineg signalin a
Regulation l|-|I'| cy%gl?eqpe# H
|o hagy - animal
GABAergIC synapse
hOII ic s a
ma rgic s
Serotonerglc synapse
paminergic sinapse
A[ﬁlln sjgnal mS Egﬂmﬁ;
as signalin
FegR-mediated phegocg]tosm
Lo%gﬁwty regulat

rveilla ce £l
HﬁFSHI SI naling gﬂm ;
ular senescence
cGMF’-PKG sugnallng dJ::
ocytosm

m Humanized Pig

H% esm 4
acid bios eS|s
Inosital phesphate meiabolism

dian enfrainment ¢
Phespmaémégol stem B4
Relaxin signaling petmu.rey
FPlatelet activation H@—
Osteoclast dlﬁerentlatlon
Atra &z ort . .
iq 1un jon e

-Log10{Pvalue) Gene ratio

. ® (025
. L
; [
) & o0
- & o2



Human fecal microbiota transplantation modulates the composition and transcriptional profile of pig B cells
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Summary

OO We successfully established a microbiota-humanized pig model by transplanting human fecal microbiota into antibiotic-treated pigs.
This intervention led to substantial remodeling of the host microbial community and serum metabolome, with metabolite profiles
shifting toward a human-like state.

O Concurrently, single-cell transcriptomic analysis further revealed that immune cell subset composition and gene expression profiles
in peripheral blood were modulated by microbiota humanization, with enhanced signatures of metabolism and biosynthesis
observed across multiple immune lineages. Collectively, these findings demonstrate that human gut microbiota can reprogram both
systemic metabolism and immune cell function in a large-animal host.

O The resulting microbiota-humanized pig model provides a translationally relevant platform for investigating human microbiota-host
interactions, microbiota-associated diseases, and the evaluation of microbiome-target therapies. Moreover, this model may hold

future utility for xenotransplantation research and preclinical safety assessments.
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