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Abstract

In this paper, we formulate a dynamic model for COVID-19 therapy with the const-
snt injection of ACE2. First, the basic reproduction number R, is given. We get two
possible biologically meaningful equilibria: disease-free equilibrium F; and infection
equilibrium F; . When R, < 1, disease-free equilibrium F, is locally asymptotically
stable; further, we can prove that there exists an R;, when R; < 1, disease-free equi-
librium E, is globally asymptotically stable; when R, > 1, E; is locally asymptotically
stable. Finally, numerical simulation is also presented to demonstrate the applicability

of the theoretical predictions.
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1. 5|5

2019 FARFEEEHT (COVID-19) J&—Ff i1 /™ B S PE IR £ S 1E R 3 2 (SARS-CoV-2) 5l
(ot Geii (1), 76 E AR ST AR e, WIRR Rraili g 7 . HTe il 28 S TOE I R A R
PR, NAA TR G e 0 75 i o DLRE R AT PR T TR, AR, W0k, S, PR RMESE [2). 7 AL e bR v
THA ALY, HORTEN B IR B A T LA RS L, (ER I PR AR SR A 2
PURTEZY). TEARREERERRKMAE =T, RHPRRR SRR CEE. HAiMES T iEE
e -0 ) B L 095 75 7E A A 0 0, BT VE S ACE2 A LB o R B A N — R R T B
WEREEE AN NAR S, WiTE o SR ACE2 ZAALE & I WAEAL, T8I i 24 FLgh N 40 M, e i
RGN RNA BB SCBIHART b, AT SR 8 g, VES ACE2 244 R LA R0k G i 1 5
ST 1 ACE2 245 &, M AT LI 30 8 G fid o 4 Bl e SRR A (A0 R . 3 ST U I SRAH 90705 7
TEAR N [ A5 U LA B 0 S A SOl e 7 B B R SRATT AU IX — W TE TR IR T R AR
SERUNR: ERE Ay, AT SRR BEAT 408, FRAT SR TR IE A A, X
XA p S AR R PEREAT A0 BT, TETE R AR R IRAT SN T AR AR Ry, TEHE =304y, FRATIE I L
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2. {RBVENSI R

2.1. fRAGEY

TS HUA TR FURBEAEAR A A R R B 2R X, 1997 4F Bonhoeffer M1 May #5371
T HIV Il CD44+-T 40 fay s p gl [3]
T=\—axv—dz,
¥y = azv — day, (2.1)
v = ky — dsv,
Hor @y, v 23 ARG AR BEAN N, Bl s 23 12 G (K 40 B A0 73 (B0 BB BRR i 253 ) 2 R AR
1AL, 1999 4, Perelson 1 Nelson 78 AR (LA 2% (8@ Fe ) CD4+T AL logisitic B\

K [4). BRI FCE AR S AR S Al o5 RS A S e, A%, VR )T, I AR IR AR S K R A
M [5-7). AEASCH, FATHESE AR ) HE At _F 2% & SRA 1k T PRE 5 I T DA S AR G e, 3 ST AR

W
T=\—arv—diz,
Y = axv — day,
0 = ky — d3v — pw, (2.2)

’U.):(S—d4w,

U = pwv — dsu.

Hob 2, y, v, w, u 73 RAERERIANN, PORS AN, e, TES T A& ACE2 ZARHI4IH,
Wit ACE2 KL EHINTE. X, a, p, 6 70 AGRME HEA0 M 1 25 i, {a RRA I R e R, N
ACE2 ZMR SRR A &%, ma SR, N ACE2 ZRINEN . di, do, d3, dy, ds 53 HIE
{2 R Y I ARIE T, B0 15 A I AR I B B AR AE T2 36, R RE A B ARBE TS, 4 T A& ACE2
ARSI F RT3, & ACE2 245 & M T 1 FARE T2

2.2. BEARTHEHEF M
BB RGHIVIIR KR T, J
z(0)=20>0, y(0)=yo>0, v(0)=v9>0, w(0)=wy>0, u(0)=muy>D0. (2.3)

RN ARSE (2.2) B4 AL Lipschitz 26 F, R EAIMR&AMF (2.3) MITEOLT, IR mE—f. H ik
ATIRAIE B it 1) IEANARE 547 .
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T 2.1. R4 (2.2) R ERTH.
IERR. MRS (2.2) B 1 ANTTRERATA LIS 2

t
2(t) = e~ Fidrav)) dng ) 4 ) / o~ Ji(dror@)da g
0

L2t >0, 2(0) > 0 B, 2(t) > 0. FEFEAGE wt) > 0. 8 FRIEESTAER ¢ >0, y(t) Al o(t)
KT 0. & ty, ty BAE y(t), v(t) H—IRETF 0, & to = min{ty, o}, W& FHP=MER. (1)
Htg =t B, B yt) >0, v(t) >0, t €[0,t1), y(t1) =0, v(ty) >0, t =t;. HRG (2.2) 5 2 A4
TitEs,

Ylimt, = ax (t1) v (t1) > 0.

B lim M S0, T y(t) < y(ts) = 0, 515 y(t) > 0, ¢ € [0,42) FIE. (2) M to = b B,

t—ty -1

B yt) >0, v(t) >0, t€[0,ty), y(tz) >0, v(ta) =0, t =ty. HRS (2.2) KIH 3 NHFER,
®|t:t2 = ]Cy (tg) > 0.

Bl lim L:(t?) >0, MNIfT v(t) <v(tz) =0, X5 v(t) >0, t €[0,t2) FJE. (3) Ttg =1t =ty

t—t, — L2

N, RS (2.2) BI5 2 MITFE

) =)+ [ " aa(p)o(p)e 0 dp. (2.4

£ (24)F, L t=to I, A

to
y(to) = e~ "y(0) +/ az(p)v(p)e= 2P dp > e~%loy(0) > 0.
0

X5 y(te) = 0 FJE, M y(t) > 0, v(t) > 0. H u(t) >0, v(t) > 0 HiE u(t) > 0. £ b, EHA]
k. O]
T 2.2. A% (2.2) A H R0,

IERR. L, RS (2.2) HIEE 4 ANTTREAE,
w(t) = e~ “w(0) + 5/ e~ dt=P) gp,
0

13 w(t) RAFK. A h(t) = x(t) +y(t), U

h(t) =X —dix — doy < X — d(x + y).

{ h(t) <0, Mz +y> 3,
h(t) >0, Mz +y< 3.
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M 2(t), y(t) B It wSGUEM o(t),u(t) A FM, HT y(t) 26 FE, LA E L, 15
ky < L & 1(t) = v(t) +u(t), N

I(t) =ky —dsv —dsu < L — d'(v+ u).
ﬂltlj d/ = min{dg,d5}. Eﬂﬁ
() <0, v +u> %,
l'(t)>0,f—'lv+u<§.

M v(t), u(t) Z2H T, Z5 b, EHAILE. O

2.3. PR REREME S

T ARIRATR DR P i A AE .
EHE 23 % Ro<1H, 8% (2.2) REALBFHE Ey; ¥ Ro>1 0, 2% (2.2) HELKF
Bl Ey A B R 8 By, P Ry = Wm, Ey = (CT)\I’O)()v d%,O), Ey = (21,91, v1, w1, uq).

UERA. H
A—axv—dix=0
azv —doy =0
ky —dsv — pwv =0
0 — d4w =0
pwv —dsu =0
CEIL OSSP
A 1)
Eo=(— —
0 (d170»07d4)0)
Ey = (21,y1,v1, w1, u1)
/\l:':‘
d2d3d4 + d2p5
Ty = —F 57 >
Oékd4
o )\Oékd4 — d1d2d3d4 — dlde(S
h = kd2d4 5
- )\Oékd4 - d1d2d3d4 — d1d2p6
T a(dadsdy + dapd) ’
_9
w1 = d47
()\Oékd4 — d1d2d3d4 — dldzpé)pé
UK =
! (dadsdy + dopd)dyds
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B, 2 Ro > 1 1,

/\Oékd4 — d1d2d3d4 — d1d2p6 >

kdody 0,
Aakdy — didadsdy — didapd -0
a(d2d3d4 + ,05) ’
(Aakdy — dydadzdy — didapd) pd <0
(dadsdy + dapd)dyds -
MY Ry > 1 B, By 2 IEF1 . O

N TG R AR, T I, AT RS (2.2) BT AEEN E = (2, y,0,w,u), T
A3 RS (2.2) fER B ALRHERT LLAR RS

—av — dy 0 —ax 0 0
v —dy ax 0 0
J(E) = 0 ko —ds—pw pv 0
0 0 —dy O
0 pW pv  —ds

BATE SR HT IO i i B BR300 1 A2 e 1k
EIE 2.4. 5 Ry <10, Lm-FHE By ZEIMBFUALL .

IERR.  REE (2.2) fE By RALHIHERT EEARRE

—d; 0 —aﬁ 0
0 —ds az- 0 0
Jo = 0 ko —ds—pg- 0 0
0 0 0 —dy, 0
0 0 - 0 —ds

B, 13 By AACHIRIETT RN

| dads + pd

d1d2d3d4 + d1d2p6 — d4kOé/\
dy + '

dydy

det(Jo —rI) = —(dy +7)(dy +7)(ds +7) |72 + (dy )

BAR, TR =ASEHUR 1y = —dy,ry = —dy, s = —d5. ERE,

dsd ) didodsdy + drdopd — dyka
+34+P +1234+12f? akar o

2
d
r+(da . did,

AR B G S 2 LAY Y ddedadatdidapdmdabod o ) gy B Ry < 1. T4 Ro < 1B, Pl £ By
R MR R . -

PRI AL By K2R EE. .
«

Ei@ 2.5. % R1 < 1 H‘j’, %%1%\ E() %é%/ﬁ?ﬁi’%;{é@, ‘}j\;qj R] - m
16243
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WERR.  FRATTHIE ZEHE U R R B R,

L= 5lo— 20+ Tyt Pt slw— P+ 2
A5 2
L'=(z— —)m y + fljzv’ + (w— (i)w’ + Zj;{:\u’
= (x — ;\1 (A — azv —dyz) + ; (azv — day) + %(k‘y dzv — pwv) + (w — ;4)(5 — dyw)
+ 22y — dsw)
= —dy(x — ;\1)2 —av(z — (;\1)2 + (a;\; — )\31253 v — )\;ZIQZ —dy(w — ;4)2

BARM Ry < 1K, ag— —Aed <0, W L <0, MHEAAREZNT L' =0 HHME 2= 30 =

Sy =0,u=0. M\ Lasell ANARJFHE (8] FIAN, P A By RERARER. N Ry < 1 B, °F

fif i Eo s RRRE . O
wJa AT R By iR AL AR 2 T

FLFH,EE 2.6. 4 Ro>1, P17 = Ey Pk Flﬁ’ T AE T 89 .

IERR. A% (2.2) £ By RUACHUHERT HUAERE Y,

—av; —d; 0 —Qax 0 0
av, —ds axy 0 0
Jy = k  —ds—pw; pv; O
0 0 —dy 0
0 pws pvr  —ds

B, 15 By FAERIRHET RN,

det(J, —rl) = —(dy +7)(d5 + r)D(r).

®

D(r) = asr® + asr? + ayr + ag
az — ].,

po
ag—d2—|—d3—|— +d1R07

dy
po
= (ds + d; —)d1Ro + didz Ry,

ag = dids(ds + )(RO - 1).
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SR, HREAWAALRFER 7 = —dy,m = —ds. ATHE D(r) = 0 MRHER TS, @il
Routh-Hurwitz #I4& [9], FATTAIE D(r) = 0 MATA A A2 HALY ag > 0,a0 > 0,01 >
0,a0 > Oajas — agasz > 0. BIRX, 4 Ry > 11, a; > 000 =0,1,2,3) &JFitH

0 0 0
araz — apaz = (dz +ds + % +diRo)[(ds + %)dﬂzo + didy Ro| — dida(ds + %)(Ro —1)
4 4 4

1) § 1)
= [(dg + %)leo + dldQRO](dQ + leo) + (dg + %)2d17€0 + dldg(dg + %) > 0.
4 4 4

(2.5)

Bl aras > agas. BRI HE Y Ro > 1 B, D(r) = 0 BIRFIEMRERA G SL58, P47 By &2 R Esiia

TR0 1. O
* =BIN
3. HEEHL
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Figure 2. Rp > 1
2. Rp >1
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R LB G518, X~ i A8 PEREAT BUE B, AT d) = 0.1,dy = 1.07,d3 = 2.4,dy =
0.2,\ =100,k = 3.07, p = 0.2. 4{HL o = 0.0002, 0 = 50, M} Ry < 1, A5 B, FaE (W 1), 4
BATERSE o = 0.02,6 = 10, I Ry > 1, P By, 775 Hfge (A 2).

4. &g

A3 EHF IR ORI N3 ACE2 Z IR B, ROV Ry < 11, F% (22)
(AFAE T V05 Bo; ™4 Ry > 1 B, R4 (2.2) FEAEER T4 By MIETH 5 By, 5 b
Ro = 1l By = (2,0,0,£,0), B = (w1, g1, vy, wr,uy). SR 50 HT BA 143 11 D)
FLER, M Ro < 1M, Ui By R MM KR . S HE A 0 0 20 4 6 B R A5 1,
MRy < 1, JRE By AR B, AT R AT LB R A S ACER S IRM s &
St A3 ACE2 % B I 52 G 17K s PR SRR 1 0 e, ETTTRA B 0
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