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Abstract Bacteriophages ( phages) are the most abundant biological entities on Earth. Within the human microbi-
ome, they vastly outnumber eukaryotic viruses and commensal bacteria, serving as essential regulators of microecologi-

cal balance. Traditionally viewed strictly as bacterial predators, phages are now known to form direct, bidirectional in-
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teraction networks with mammalian cells. Beyond indirectly affecting human health by altering bacterial communities,

phages actively cross biological barriers to engage in direct crosstalk with immune cells and trigger specific immunolog-

ical effects. This phage-mediated immunity encompasses receptor recognition, endocytic trafficking, and the modula-

tion of intracellular signaling pathways. This review summarizes current progress in phage immunity by examining di-

rect phage-mammalian cell interactions. We specifically focus on how phage structural characteristics dictate their in-

ternalization, intracellular localization, and subsequent immune regulation. Furthermore, we discuss the practical im-

plications of phage immunity across various conditions, including inflammatory bowel disease, chronic infections, sys-

temic disorders, and emerging applications in cancer immunotherapy. Ultimately, this review aims to clarify the mo-

lecular and material basis of phage immunity, providing a theoretical foundation for understanding the cross-kingdom

regulation effects of phages and the development of phage-based immunotherapies.

Keywords phage immunity; phage-mammalian cell interaction; phage immunobarcode; phage therapy; innate im-

munity
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22 VR T A S R B B0 W B BE
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g RS R e A M ) e R A T R
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“HIR L3 i A 0 3L 3 P A P B 0 PR S B
5 T o DO R AT L AR R SR R R R T X A
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Fig. 1 Internalization of bacteriophage by mammalian cells
A ARSI AL o W T A o AR LA T 5 BN B R A AR A S M R 4 S T AR, G B RS AR e
PR TTRIEALAE R AT, B2 RS, VR A S R 115 AR R T S RS2 IR (IS R MR R 52
) RS PEES & RS2 IR I A AT T RE R B BRTE N BT, CoFRIB TR T WL o I A PR e B A sl e A 7
WA F LS O 200 T A A A, 7 0 WS 20 8 1) 3o 6 i 8 0 0 A 200 M, OF 7 P 7 R P 2R . D < Y UV A T 1 Sy 4
o VEURTEAN A R AT T R AN TE M N R E PR AR S S T, BT AR A 2L S 00 , TR I T A R 2 P A 1

A': Non-specific internalization; Phages bind to the cell surface via non-specific physicochemical interactions (e. g. , electrostatic at-

traction , mucosal adherence) and are taken up primarily via macropinocytosis, leading to encapsulation within an endosome. B: Re-

ceptor-mediated internalization. Phage capsid proteins specifically bind to cell-surface receptors (e. g. ,

integrin, sialic acid recep-

tors) , triggering receptor-mediated endocytosis and subsequent entrapment in an endosome. C: " Trojan horse" mechanism; A bac-

terial cell pre-adsorbed or infected with a lytic phage is internalized by the host cell. Within the endosome, the phage completes its

Iytic cycle, lyses the bacterial carrier, and is released. D: Lysogenic bacterium as a carrier; A lysogenic bacterium carrying a proph-

age is internalized. Following internalization, stress signals within the endosome can induce the prophage to enter the lytic cycle, re-

sulting in phage production and bacterial lysis
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SEPLEI PR R AR VA T A P i R M B bR
Xof — LI TR 1A (40 T4 WE A ) B Sh e 8 TR 52 i
ANTRHOT AR TR 2 P 1 WA DA ) 25 1 it [
VERT ATH R J2 5 S v A i ) S B, AT T 9T 3R
B, G SR T 1 il e e O 41 o 590 A LA L N
PRI VA 20 6 PR A0 1 ) 2 B S
2.2.2 RRE EIR IR W B R B A Bt
WAt , AELATS AT — 8 o Wik T AR A= ) R 1 o
REAZHE 2 N A RV AT, H AT, ki 1)
BARAL w5 AN B, 00 ] RE 20 K A A 4 10 I 5
BVERY L | B R T A F B AR BT Sl R
S5, N, Zead BB T3R5 W e i ) ko A A1
7C , RERSHY IR 75 T N 415 385 1 e JHK R b 284 ) i
I3, DT Bt P A R 0 380 20 B B, A 8 s B
2R N B VD 1) IG T ( Salmonella ) ™ JEAF,
YA B B B ARBIL R A A T e T A R B B
P fol B o, 4 ¥ €676 % BR B ( Staphylococcus
aureus ) WEB AR vB_SauM_JS25 A {&{i F W 4 il
RS AFRRES & 8 1, X S HE 1 RE S R S AR e
TEBEL A REZE G | o 7T BRAR A 55 L A7 A e 1 K
—[RIRERIC )  — ELIEBA AR 0 I PN AR 06 38R, i AT

REAE N 5T A5 R B S e N o P R A B
AR E AR

2.2.3 sminiEm SRR VR IARR TR %
ol A i, 3 RE LA 2 B OB IE 305 b B R
S Az , X — SRR Ay 15 240 A ( transcyto-
sis) 2 HEZ WA FZE T2~ Bk
WA, KM 35 45 T T4 Wt i A 35 2 o B 1 T D
I8 iS5 R 2N bR A A R
K I | B S N 0 e S i U S
NI RGL AT i, e R SR O A AKX
Pk W AT e K A T 2% e R A
UL, I AN i T XR34S )
[l 5% 22 240 P BR 85, DA T 56 it A iR ez ixaed
A M5 5 1 0 T 4 0 P S S i 3R 4, B9
A TRAETERE R A AL T e K HEAR T RE A 5K
MR, BEAE S, AR PR A 310 124
W TR VR DI 8 2 I 2 A IR sy
TR ML I | JLUE ) 22 G 9 25 TR T A Aoz A
g R AR A T A AR

3 T RS A F RN

W A Bl il L sh P Al P A S, AR B Bl
iR AR R VRO, 5 M P ke 2% i =X
PSR (PRRs) AHEAE R, IS 28— R 5152 4%
(M 5 Al i S AE E AN e
3.1 BEEATRARRME
3.1.1 EHREBEA T R ERA KRIRGIE
290 6 1] PRS0 32 AR SR s TR A, ) B T I L
S XF ARG T URE ) 5 — 3 Bl £k 5 78 I L
IEFR W TR R R FE Y T IS U e S
CHERC MR (B 2A) o 8Pk 2 N IR R G0 10 W TR
A, A% IR e o it 3k R v AT R A2 1 Toll B A2 1
(TLRs) B TLRY J& 0 5% 5 19 TR A Y I B
& DNA L%, nT IR WE B 4K DNA R & & JEH
FAb CpG FF® BB R, B 50k 40 i
AT TLRO-MyD88 i [ 2 /1 Ik 1 18 DNA'®? |
TLR3 A5 B A XUEE RNA Jffilt % TLR3-TRIF
Wy 18 T4 2 7 A IR R RS 5 i
ST BRI G bW T IR B RNA 1T B
TLR7/8 #Ul, {2 H B/ sk = H 82 50 5 ik . it
A, 27 0 TR A A R 3k 36k A S, D T LB A 1
PRRs $Ul, RUE HAEIRE A IR, (A3 T 5 B R
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BEAE AL, W3 B R BLEE DNA 1T BE TG cGAS-
STING 3# %, 17 5'- =B R fb i B4% RNA 5l 0L 4
RNA AT GE#E RIG-1 A A2 AU, 3 SE 38 K e ¢
PIrTRevs 5 1 AT 0 22 55 40 i X 5 1 = 2 (]
2A) [15] i

3.1.2 HRAREZRONFOHREAT  FRERK
G3A0 W TR PR RT3 S [ B A ) AR B i R
A7 G e N 25 7 A LA R (&1 2B) , fE—
T TR VRV 40 R e 05 oh | 3 5k o) Y 44 2 0
BEA AT, & B — ¥4 ANKp 25 I 465 3L
DR I B R 280 30 S T A3 1ot 4 5 1) 40 1 3
PR 2H ol o B JEOIR S, S i i s = K A7
ANKp 85 175 A #5851 5 52 25 R B, e 7 40 1 Uk
Yuitp it FE g e W =L AN . WFSE R BT, ANKp
AT A8 5 0 ) AN B ) AR E D BE L 9 U NF-wB
15 538 [, AT 0 A A1 R DR 110 38 3, 35 B 41 v
HEiR 1 ERETERR Y EARE R &, ANKp [H]
VR FTE N O W38 55 2R A BT
JZ A U IS EE A S 0 G 8 T AL A
A AT RE B — o AR SEYE . H AT ST
KR ANKp L IEAEH W BAR T, 20
WFFE 25 S W7, 05 200 by 2 bR 40 88 B v
PS5, TR T 22 i R AH G 3E RW e ak , FLIZAK
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Fig.2 Bacteriophage-mediated regulation of mammalian cell innate immune responses

A R RBE N . WER RS SO A N AR S, P4 PRy TLRO \TLR3 1 TLRS W] 43 51 H 51 W 4 & CpG DNA | XL&E
RNA (dsRNA) Fl1#4% RNA (ssRNA) . #F AR (9 BU4%E DNA ( dsDNA ) 7] #41% ¢GAS-STING & #%,5'- = #i iR fk RNA (5'-p-
RNA) WA % RIG-I-MAVS i #{ Ui, X80 (5 5 il B I 20 5 W 0 4% S D NF-«B, 755 T R4 3 (IFN-) 74
B 85 BT A SR BE U1 TR AR (0 A S 5 A B 1 T B A 40 M R T TLR 52 0 sl A R R0 52 A A 44 L P ) 20
PRI T I T s (SO A B ) P AT I AR SE M 8 (U0 ANKp ) 73 BRI, IR S i 5 . X SR aR 1A 5 TT
SN NF-«B 58 #% , #5172 00 1 81T P38 B AR R 54 7=

A Nucleic acid-mediated immune recognition. In eukaryotic cells, once a phage is taken in, receptors inside endosomes-specifically
TLR9, TLR3, and TLR8-detect phage CpG DNA, double-stranded RNA (dsRNA), and single-stranded RNA (ssRNA) , respec-
tively. Double-stranded DNA (dsDNA) that reaches the cytoplasm turns on the ¢cGAS-STING pathway, while RNA marked with a
5'-triphosphate group is picked up by the RIG-I-MAVS pathway. These signals all come together to switch on the transcription factor
NF-kB, which triggers the production of type I interferons. B: Protein-mediated immune regulation. Bacteriophage capsids or struc-
tural proteins may act through cell-surface TLRs or other unidentified receptors. Meanwhile, bacteria living inside host cells can
sometimes release non-structural proteins ( such as ANKp) that are encoded in their prophage (or resident phage) genomes. Once in
the cytoplasm, these proteins can adjust immune signaling-either activating or blocking the NF-kB pathway-and in this way influence

the release of type I interferons and other cytokines.
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