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Abstract : In this paper, we propose a delayed HBV infection model with saturation incidence and adaptive
immune response, considering two infection pathways. The model includes five compartments of uninfected hep-
atocytes, infected hepatocytes, free HBV virus, CTL immune response, and antibodies. Define five thresholds:
infection basic reproductive number Ry, antibody immune reproductive number R;, CTL immune reproductive
number Ry, CTL immune competition reproductive number Rs and antibody immune competition reproductive
number R4. Five kinds of equilibria of the model are obtained. By analyzing the characteristic equations and con-
structing suitable Lyapunov functionals and Lasalle invariance principles, the criteria for local and global asymptotic
stability of each equilibrium are established.
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B 710 JAlJE, S EAEYURTEERETME T e oy . AR, 7ERRPRERIE YL HCV B, 7EERGY 8~12
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1 B ARM. ELHNTESEFEENS
A r=max {7, T}, R = {(uy,uz,u3,us,us) :u; >0,i=1,2,3,4,5}, C ([—T, 0] ,Ri) PR IX ] [—7,0] W ]
R® W% ZE R4 Banach 25 [H]. &AL (2) BRIGG SFITT
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3)
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2o > fafis) (kB + Bopis) = a1". T Gy (y) AIGREL, FHIE 1(a) FIHL FEAEME—IEMIHE AL 20 € (21, 20). 45 g1 0,
JEME—IEREEL RIS Ry > 1 B, BIR (2) fA7EME— IE P JC e B P15 B
E SR 328 A 2
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g2 92 k 1 |: T
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Ry FR BT YIS H CTL Sl 2 i AR AL, SO RS RO DTIR S 40 )~ 24 50
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1 Ta Ha M3 [ kg Lo
=— | A+ray(l— =) —pxa|, vo=—, wo=—" | ———A+r2(l— =) —p125) — 1| .
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(92 +ovpra) por[Ba (g2 + apa) + Brptac]ys +2(ga + i) procB prayya + (g2 + vpra) pro B fia <0
[(B2(g2 + aupra) + Brptacy) Yo + By pa]? '
I Ga(y) KTy SR XT Goy) Ry =0 B, 2= Ga(y) =0. M y = popa/kge Bf, 2= Gi(y) = Ga(y).
Ry >1 HTJ‘v ﬁ Y1 > H3ﬂ4//€92« &ﬂ]xﬁﬁ& Ty = G1(N3M4/kg2) = Gz(ﬂ3/~£4//€92), *E%[z] 1(b), ﬁ Yo > N3M4/kgg, Q
SR wo >0. HHE 1(b) AIH: 20, wo, y, HOEME—. BRI R, > 1 0, BI8Y (2) FA7EME— EA UG SO 1Y
YT L By = (22,2, 02,w2,0).
M Ry > 1 B, B8 (2) fEAERA CTL Sl RO B A5 5 By = (24, y5,v3,0, 25), FH?
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MRYEEIRY (2) B2 —AAFH 25 BZRIB T M3 pRAL:

v =Gy(z) = (124 o) (capes + kouis ) (c2 + cupus)
? kB (24 coauus) + Bo (s + kacaps) ’

z=Fy(x) = Z—f ﬁ(/\—iﬂ“l‘(l— %) — ) —1].

H Gs(2) XF 2 . &% 2 = Fy(x) B—DIERN 3”7, HE 1(c) ATHL 257 > 2y, TXF 2= Gs(2) Kk, &
2=0, A[15 25" = [ua(caps +kaps) (e +aps)] /[kB1 (2 + caapis) + Bo (s + kacapis)] = Gy (ys).

MRy > 1B, A yy > ps/co = ys, M Gy (y) JEIEEREL FTUA oy <z <as”. XK Gy(z) FIMREL Gu(2)
N Fy(x) RN x5, HE 1(c) AIH 25" <23 <xs”, BEHH 25 >0 H 25 M.

i L, 34 Ry > U, B (2) A7AEME—HA CTL SRRSO IS 5 Es = (25,5, 03,0, 23).

TE B (2) B CTL S0 o 4 FEAS B A Hh 28]

e o o
Rs—usyz—us [/\—H"JL‘Q(I K) /,L1;Zj2:| (8)

Ry FRAEEST IR SR 1 AP, BRI 1 CTL Stz ANy P B,
SE SURAY (2) A o 5 S HEA /4 K52
1 1 kus

Ri=g—v3=gs—
Ha g Coft3

9)

Ry FIRTERNT OTL SPERN B AIE T, B 2RI ™ AE A B A S s 240 M i) - X B8
MRy >1 H Ry >1 B, B8 (2) FEAEEA WG NPERAE (RIRHFA CTL S TR ss) By -
Ey = (24,Y1,04, W4, 24), Hrp

k 5 -
gy s s ottt g
92 C2 g144Ca C1 o Jafhs

IRIEBIH (2) B AR Biaava/ (14 avs) + Bowaya/ (14 aya) — paya — cryaza = 0 T FTE BREK,

(Araa(1= =) = ) —1].

v =Galz) = cipts2(g2 +aﬂ4)(02+au5)+/L2M5(92+au4)(c2+au5).
Ca [Brta(ca+aupis) + Bapis (g2 + upa)]

2= Fy(@) = (/1) [ea/ (papis) At ra(1—a/ K )~ pz) —1). How=Ga(z) KT 2 FIHY, T Fy(z) FIERIKIAE 2",

M Ry > 10, A o > pis/co, RIEE 1(d) TTHI 20" > 20 ST EREL Galz) K, 2 2 =0, B 24’ = popts(go +
apia)(Ca+oupts) /o [Brpta(ca+ aps) + Bapis (g2 +apa)], THXFT PRI 2 = Gay) = poy(14ay) (g2 +aps) /[Bay (g2 +apa) +
Bipa(I4ay)], M y=ps/co B, A 2y =a,/. HE 1(d) ATH, 2,/ <y <z, H g 2EMER, A 2, = Fy(2,) > 0.
H o2y JEME—I. 2 Ry >1 I, 4 kpusgs > capiapta, THRA w, > 0.

L5 LR, 2 Ry >1 M Ry > 1 I, 85570 (2) AE7E HATE Nk s (IRIASAY A CTL G Bk fs) sk
Vi By = (24, Y4, 04,04, 24).

—F®

—G,

]
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(a) (b) (c) ()
1 82 (2) FEAM—MNERELTES B, B, B, By
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2 FERrEERANLREN
I 2 M Ry<1 (80 Ry >1) I, B (2) WTCERGSTHI By RHETEAE (SR RE).
UERR R (2) AETH By AbIZPEL R GERREAE R

(s =2 4 220 ) (5 ) s+ u (5) =0,

Horp

f1(s) =8> = (Bao — pr2 — f13)s + profis — (Bapiso + kB o).
WOE R 3 DNMEFIEE N s, = —\/(rf,ul)2+4/\r/K, Sy = —pg, 83 = —ps. PTLL B, WEE IR ET fi(s).
fi(8) =0 BIPIDARIT BN 54 Hl 55, MRAEFIBTEBE,

S4+85= oo — 2 — 3, S4S5 = fafls — (Baftzo+kF120).

M Ry < 1B, (Bops +kBr)To < piapis, Boto < pio. TLAA 84455 <0, 5485 >0. 04 Ry <1 B, “IKITFE £(s)
(AR ELA 1 5.

IRERG, 24 Ro > 1 B, (Bapis + kB )@o > props. FTLA suss < 0. H0CY Ry > 1 B, “WRTRE f(s) A—IESAR.

FRLA, 24 Ry < 1 B, 78 Ey AMFRAE T FE I T REAF(E AR ELA 6 S50, Ir LA TCERYL A il B, R e .
M Ro> 1B, 78 By AMFAERFAE R —A IR RYRRAE(, BT ATCIR YA 1 By ANRE.

FE 3 YMR>1, Ri<l, Ro<l Hr<yp, B, 8 (2) BTCHRREBGTM S By Rl fase.

WERR AL (2) 7E By AZRPEALSE M RRIE R

[s = (€7 gav1 — pa)][s = (e7* oy — ps)] f2(s5) = 0.

L gi(s)=5— (e gav1 — 1a), G2(8) = 5— (€71 —pi5). M Ry > 1, A 61(0) <0, g1(+00) = +o00. H. g1(s)
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HELREL, MBA g2(s) =0 WA —PNERBYSEAR. H0CY R > 1 50 R, > 1 B, B, EARER.

M4 R <1 H Ry<1 W, 2 go(s) =0, B s=2+iy(z,y € R,z >0), NI
e ey e e ey

S+ s |5+ ps] ||
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B= N — — — — — ;
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ARJEBEATHL, 2 Ry <1 W, JIRG S B, 2JRniafasE.
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Tl (1= ) [t a1 ) gl - b (1 7))

ﬂlxﬂh x; Bixiv (%1 y(t) ﬁlxﬂh
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Bax131 T
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FrUY Ry >1 H Ry <1, Ry <1, r<py B, B dLy(t)/dt <0. (x(t),y(t),v(t),w(t),z(t)) = (z1,y1,v1,0,0) 2
HACY dL,(t)/dt=0. H Lasalle NEJFEHATAL 4 Ry >1, R, <1, R, <1 Hr<p, B, B (2) JoGuyeBye 1
By 2R tEsE.
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HUERR %€ ¥ Lyapunov {Z PR Ls(t) 40°F

Lg(t) = Ly (t) + Lsa(t) + Las(1),
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_ Buaso(t) [ Biv(0)/(1+avs) Bawsy(t) [* Boy(0)/(1+ays)
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AT dLs () /dt <0. M HALY (x(t),y(t),v(t),w(t), 2(t) = (€4, s, va, W, 24) B, dLs(t)/dt =0. R Lasalle
AASJEH Y Ry>1, Ry >1, Ry>1, Ry>1, Ry>1, 71 =0, 7, =0 H r<p, B, B8 (2) BAHAGBAERN CTL
PP BG5S B,y 2R R E .




53] TR, 55 BAWAMERE 7 OIS D e e i i HBV JERYUR AL 57 529

4 FUEE

Al E MATLAB 804 0EA 7 BUEAI, A n iRl (2) B i b i fase k. BN SEUE N X = 1,
p1=0.9, r=0.8, a=0.001, K =150.

D Yr=2 =1, =05, us =20, prs =20, 15 =0.5, B, =0.03, B, =0.04, k=5, ¢, =0.8, ¢; =0.01, g, = 0.6,
g, =0.1 B, 138 Ry =0.685 9 < 1, W& 2(a) , ¥l 3(a) Fi7R, BHY (2) MR T E, = (7.22,0,0,0,0), Jo/EEYL
1 By AR e .

2) e T1=2,T=1, uy=0.5, u3 =2, py =20, us =0.5, 5, =0.03, 5, =0.04, k—5 c; =0.8, ¢, =0.01, g, =0.6,

g2 =0.1 I, 85 Ry=1.660 6>1, R, =0.011 58 <1, R,=0.019 2< 1. HI& 2(b). & 3(b) R, FRI (2) Afi i
LHAT By = (4.355 7,0.926 4,2.316,0,0), JHRBERGCTAM 5 B, 2 RnifasE.

3) M =0, 7o=1, o =05, ps =2, ptg =3, s = 0.5, B, = 0.03, B = 0.04, k =23, ¢; = 0.8, ¢, = 0.01,
g1 =45, go=1.75 i}, 5% R, =1.351>1, R, =0.006 9 < 1, & 2(c). & 3(c)nI %1, FEARI (2) WffEc Lt T
E, =(2.658 6,0.348 2,1.714 3,0.593 6,0), 1 A YU GRE MR- 5 B, SRWEfasE

(a) (b) (c)
3 1RE (2) £E A Eo, B, B, B=4#ZEHEE
4) B =2, 1,=0, 1y = 0.5, iz = 2.5, 1y = 4.5, ps = 0.12, B, = 0.05, 3, = 0.06, k = 10, ¢; = 0.7, ¢, = 0.25,
g1=0.7, g, =0.65 B}, 155 R, =1.9454>1, R, =0.277 2< 1, & 4(a) . & 5(a) AJ%0, A (2) (&G T
FE5=(4.060 8,0.48,1.919 6,0,0.791 5), A CTL HE ARG -k E; 2 Riliiifase.

(a) (b) (c)
4 18E (2) TS FE; 1 B, MEEFFIEFESR (2) BE 2R
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5) M =0, 7=0, gy = 0.5, pt3 = 2.5, g = 2.5, ps = 0.12, f; = 0.07, B, = 0.04, k=12, ¢; = 1.2, ¢, = 0.25,
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B g 1) SR GLP-i w 4 Sl i R e

6) AT G AR BRE iﬁéﬁ B XA (2) AR P A SE IR, AR SCABEHL 1 PR SR8 5 I Bsf i [R] B A7 R B
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(a) (b) (c)
5 1&E (2) TS By i1 B, M=4E7 EEENEE (2) B EEIRE

5 4&%iE

ARSCEENT. T ELA RN 2 A 3R R o P B e BT ) HBV JEYR Al Sk T B T INAF & 4B W20 L, 8%
J& T PAIRMERE 73X, 8 TR 5 AN BIE A, 158 TR 5 VM5 ToRGL- Pl 5 By, o K ke
M5 i By, PR BRI - 5 By, OTL Sl it B AT . B RIS M S R SR G A o5 B, 38T 43
Wiz B (O RRAE 7 R, UEBHIZAE RS 5 By A1 B, B R v, b @ Lyapunov {ZIZI It
FIH Lasalle A2 JFEEE, GEW] T VAL By, By, Es, Es, By W2 RARENE. S5t BUEAARHIE A S
AR, I T PR SR SN A CTL i S W Bt [Rl I AA A 235 R SN &E A sl J125¢ 474 .
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