Systematic Identification of Synergistic Drug Pairs Targeting HIV
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Introduction

HIV has plagued humans for 30 years, infecting 60 million
people and causing over 25 million deaths. Currently, effective
cure for AIDS Is expensive and suffers from serious side effects,
such as lipodystrophy, hyperglycemia, pancreatitis and liver
toxicity. Major benefits of combination therapy include
significantly-reduced chance of evolving drug resistance,
enhanced efficacy and reduced side effects. Systematic
searches for synergistic drug combinations have been
performed in small scale or with proprietary libraries, but there
has not been a large-scale systematic screening of FDA
approved drugs. Here we developed a pooled screening method
named MuSIC (Multiplex Screen for Interacting Compounds).

Experimental Methods

~ 13,000 pools of

g | Heuristic
A a . 10 dr r I
d 1000 drugs b wn § |algorithm G Od v6= PEl RO
0 = N
000000000000 S g |— Algorithm 888888888888 l
000000000000 - B : 'y Q00000000000
AO000000A000 O o |--- Theoretical /5 Q00000000000
000000000000 « 8 Minimum / e—— [ O00000000000
000000000000 @ S / & 000000000000
000000000000 8 £ 000000000000
000000000000 £ 8 | A03300000000
000000000000 S5 ¥ <
Z g =

f o e S i
Number of drugs

0000

7 B e d (9993933333331
2 Q00000000 000000000000

Y B 900003000 288339883333
= ' —t—6 Q000000 —e eSS ee O OO0
Q 000000000 000000000000
— | 000000000 388833333333
— llLL‘ <

[ Drug B |

Primary screen
Validation by titration

Secondary screen, 45
pairs from each pool

pin transfer compounds

000000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000

1| O000 000
0000000

part II: p24 MAGI 18 hrs

IF staining cells + / HIV

part | : p24
fresh MAGI cells 48 hrs |F staining

t:]supernatant cells [ u]

transfer

C DMSO Partl | DMSO Part2 AZT Partl

AZT Part2

Nuclei

p24

Figure 1. MuSIC strategy and screening assay.

(A). Protocol of the MuSIC screen. a,b: 1000 drugs are constructed into a pooled
library with 10 drugs per well using a heuristic algorithm to ensure every pair-wise
Interaction is represented; c: primary screen using the pooled drug library; d: hits
from primary screen are deconvoluted into pairs to construct the secondary
library; e. deconvolution screen of the secondary library screen; f. hits from
secondary library are validated using concentration titrations of the two drugs.

(B) The screen assay protocol: for the part one assay, cells are plated on 384-
well plates overnight before drug treatment. HIV is added to the celis 18 hours
after drug treatment to allow the drugs to take effect (MOl = ~0.5). Forty-eight
hours after adding virus, the cells are immunostained for HIV p24 expression and
Imaged to quantify the percentage of cells with positive staining, indicating the
infection rate. The supernatant from the part one assay is transferred to new
plates with fresh cells to initiate the part two assay for quantification of newly
generated virus. Forty-eight hours later, the part two plates are also stained and
imaged.

(C) Part one and part two staining images of positive control (AZT) and negative
control (nevirapine) used in the screen. Top row: DAPI staining of cell nuclei for
the quantitation of cell number and monitoring cytotoxicity. Bottom row: p24
staining of HIV infected cells.

Abstract

Combination drug therapies play important roles in treating
diseases such as cancer and AIDS. However, systematic
identification of effective drug combinations has been
hindered by the large combinatorial search space of
interactions. Here we develop a multiplex screening method,
MuSIC (Multiplex Screening for Interacting Compounds),
which expedites comprehensive assessment of pair-wise
interactions for 1000 FDA-approved or clinically tested
drugs. In this way we examined ~500,000 drug pairs and
identified drugs that synergize to inhibit HIV replication.
Multiple drug pairs, notably glucocorticoild and nitazoxanide,
synergize by targeting different steps of the HIV life cycle.
Our analysis also reveals an enrichment of anti-inflammatory
drugs, I.e. glucocorticoids and NSAIDs, in the anti-HIV drug
combinations. As inflammation accompanies HIV infection,
our findings suggest that HIV may benefit from inflammation
and inhibiting inflammation might combat HIV propagation.
The MuSIC method is robust and can be widely applied to
other disease-relevant screens to facilitate drug repurposing.

Computational Methods
m Normalize raw data by B score:
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rip 1S the pure effect after remove the side effect and average of the plate:

Lijp = Yijp — (Up T Ryp + Cjp)

Y,» is the observed result; u, is the estimated average of the plate;
Rip is the estimated systematic measurement offset for row i on plate p

Ci, is the estimated systematic measurement column offset for column j on
plate p

MAD, —medlan{r —median(rijp)}
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m Calculate the synergistic score by S score:

UAB — Ucon
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Where:
u,p is an estimate of Wy = mean infection rate of replicates of drug pair AB
npp is number of replicates of the interested pair = 3 (typically)
Ucon 1S an estimate of Wy + Wy = upax + Uugx — Uxx

upx = trimmed mean of replicates of drug pairs of Drug A and any Drug X
ugx = trimmed mean of replicates of drug pairs of Drug B and any Drug X
uxx = trimmed mean of replicates of drug pairs of Drug X and Drug X

‘trimmed mean’ is the mean of the data excluding the top and bottom 20% to
eliminate outliers

Neon = MNax + Npx + Nxx
Svar = (VABX(HAB o 1) + Vconx(ncon o 1)) ~ (nAB T Neon — 2)

Where:

VaxX(nax — 1) + vgxX(ngx — 1) + vxxX(ngx — 1)
Nax + Npx + Nxx — 3

Vcon
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1 Docebenone 22 Rolipram 43  Nicotinyl Alcohol Tartrate

2 Ethyl Paraben - 23 Orphenadrine Citrate 44  Diethylcarbamazine Citrate 63 Chlormadinone Acetate
3 Rapamycin - 24 Pazufloxacin 45  Pilocarpine HCI 64 Clofibrate
4 Tpriflavone 25 Moclobemide 46 Fusidic Acid 65 Nicorandil
5 Gr 89696 26 Suramin Sodium 47 Rofecoxib 66 Nimodipine
6 Diazoxide 27 Mesalazine 48 Ramelteon 67 Modafinil
7 Tiotidine 28 Mirtazapine 49  Physostigmine Sulfate 68 Amlodipine
8 Nitazoxanide 29 Triprolidine HCI 50 Lofexidine 69 Oxotremorine Sesquifumarate
9 Ibandronate 30 Ascorbic Acid 51 Piribedil HCI 70 Zimelidine Dihydrochloride
10 Linezolid 31 Fenoterol HBr 52 Secnidazole 71 Cabergoline
11 Betamethasone 32 Ibuprofen 53 Levocabastine HCI 72 Secoisolariciresinol
12 Diflorasone Diacetate 33 Carprofen 54 Danthron 73 Raloxifene HCI
- 13 Tiotropium Br 34 Itavastatin Ca 55 Benzbromarone 74 Cetirizine HCI
14 Atovaquone - 35 Cinoxacin 56 Itraconazole 75 Busulfan
15 Diclazuril 36 Medrysone 57 Fleroxacin 76 Chlordiazepoxide
16 Colforsin 37 Oxantel Pamoate 58 Betaxolol HCI1 77 Tamsulosin HCI
17 Nefazodone 38 Ketorolac Tromethamine 59  Chlorprothixene HCl 78 Gestrinone
18 Hydroflumethiazide 39 Clobetasol Propionate 60 Prazosin HCI 79 Ibudilast
19 Hetacillin Potassium - 40 Oxyphenonium Bromide 61 Felodipine
20 Levonorgestrel 41 Diclofenac, Na
21 Phenamil 42 Dopamine HCI
Color | Part two only function group Number of drugs
Color | Part one function group Number of drugs Calcium channel blocker
NSAID CYP450 inhibitor

Glucocorticoid

Anticholinergic drug
Quinolone

a adrenergic receptor antagonist
Dopamine receptor agonist
Antihistamine

N W & [
R W W W

Figure 2. Drug synergy network analysis reveals enrichments of drugs with
known anti-HIV activity and anti-inflammatory functions.

The network of drug synergy shows drug pairs that have significant anti-viral
activity and synergy (see supplemental text for the details on how the drugs were
selected). Each drug is depicted by a circle with its size correlating with the
number of drugs it has synergy with. Yellow circles indicates compounds with
previously detected anti-HIV activity, red outer circles indicate known anti-
inflammatory function. The part one network is highly enriched for drugs with
previously detected anti-HIV activity (p < 10-'?) and drugs with known anti-
inflammatory activity (p < 104). The number in the circle is the index of the drug
with the drug name shown in the list below. The line linking two drugs indicates
synergy with the width of the line correlating with the strength of the synergy, the
wider the line, the stronger the synergy. The green lines linking the two networks
represent synergistic interactions between the two networks. The color blocks
designate the functional groups that have more than one drug represented in
each network. The names of the functional groups and the number of drugs
belonging to each functional group are shown in the two tables below.
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