
Keeping the Powder Dry

The Sum is Greater 
Than Its Parts

JSTOin the  
News

DTRA.mil

April 2022 | Vol. 12 No. 3

Approved for public release; distribution is unlimited 

https://www.dtra.mil/


Front cover: The Innovations Automated Robotics 
Dispensing System, also known as “Roberta,” counts 
medication and fills a prescription bottle. Roberta 
guarantees safety by using barcode technology to 
ensure the prescriptions are properly filled. (U.S. Air 
Force photo by Caleb F. Butler)

Inside cover: U.S. Air Force Staff Sgt. Sarah Walser 
demonstrates the use of a reactive skin decontamination 
lotion sponge at a chemical, biological, radiological, and 
nuclear defense training facility. (U.S. Air Force photo by 
John R. Wright)

Back cover: Tech. Sgt. Hannah Harris processes 
prescriptions at Kadena Air Base, Japan. The pharmacy 
fills 86,000 prescriptions annually. (U.S. Air Force photo by 
Yosselin Perla)

Download our eBook – keyword: DTRA

Find us on social media: @doddtra

DEFENSE THREAT REDUCTION AGENCY 
Research and Development Directorate 
Chemical and Biological Technologies Department
Joint Science and Technology Office for the 
Chemical and Biological Defense Program

8725 John J. Kingman Road, Stop 6201, Fort Belvoir, VA 22060

www.dtra.mil

DTRA MISSION
DTRA enables the Department of Defense 
(DoD), the U.S. Government, and international 
partners to counter and deter weapons of 
mass destruction and emerging threats.

CHEMICAL AND BIOLOGICAL 
TECHNOLOGIES DEPARTMENT MISSION
Lead DoD science and technology to enable the Joint 
Force, nation, and our allies to anticipate, safeguard, and 
defend against chemical and biological threats.

https://books.apple.com/us/book/inherently-disruptive/id876489605
https://play.google.com/store/books/details/Chemical_and_Biological_Technologies_Department_In?id=rnyKAwAAQBAJ
https://www.dvidshub.net/publication/538/jsto-in-the-news
https://www.youtube.com/user/doddtra/featured
https://www.facebook.com/doddtra/
https://twitter.com/doddtra
http://www.dtra.mil


N ew artificial intelligence (AI) and deep learning-
assisted projects aim to accelerate the multiple 

stages of the drug research and development (R&D) 
process by using drug repurposing to enable treatments to 
be approved faster. The Defense Threat Reduction Agency’s 
(DTRA) Chemical and Biological Technologies Department 
in its role as the Joint Science and Technology Office 
(JSTO) for the Chemical and Biological Defense Program 
is investing in research at the Massachusetts Institute of 
Technology (MIT) to develop new AI and deep-learning 
technologies capable of automating scientific data analysis 
and interpretations in the early stages of drug discovery.

The sum is greater than 
its parts. New AI-assisted 
computerized approaches 
are being used to discover 
synergistic drug combinations.
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Recently, the U.S. Government supported accelerated 
COVID-19 therapeutic drug trials, and investigators 
began a rigorous selection process of the vast number of 
candidate drugs with potential benefits. Scientists have 
made significant progress in treating presymptomatic 
and early stage COVID-19 cases using repurposed drugs, 
such as molnupiravir that DTRA-JSTO had invested in for 
development as a Venezuelan equine encephalitis virus 
treatment; however, more advanced tools are needed to 
prioritize drugs and predict repurposed drug combinations 
that can be beneficial across all disease stages.

Advanced AI combined with deep learning will automate 
repurposed drug prioritization with increasing sophistication 
and reduce the need for hands-on, time-consuming 
experimentation. The drug-development process normally 
lasts years, and sometimes decades, beginning with a 
discovery phase, progressing to R&D, testing in human 
clinical trials, and then achieving FDA approval if the drug 
is shown to be safe and effective. The ongoing COVID-19 
pandemic illustrates how critical it is to reduce timelines at 
each stage of drug-development from decades or years to 
months or weeks.

For medical personnel, an indication—a sign, symptom, 
or medical condition—leads to their recommendation 
for a treatment, test or procedure. Researchers explore 
drug repurposing to discover new disease indications for 
pharmaceuticals that have already been tested in clinical 
trials so they can skip most of the safety and toxicity 
testing already completed. The MIT research team has 
gone a step further than others in this field by developing 
a new AI-assisted computerized approach for discovering 
drugs that work together with increased effectiveness, 
or synergism, to alleviate COVID-19 symptoms. They 
described their approach in a recent article, “Deep learning 
identifies synergistic drug combinations for treating 
COVID-19.” (See link in sidebar on page 5.)

Remdesivir is a broad spectrum anti-viral drug used to treat COVID-19 infection 
as well as high blood pressure. (Gilead Sciences, Inc. photo)

2D structure of reserpine. (National Center 
for Biotechnology Information image)

Synergistic drug combinations are frequently used to 
treat many diseases, including cancers, asthma, diabetes, 
hypertension, cardiovascular disease, and some infectious 
diseases like HIV, viral hepatitis, and tuberculosis. The 
“one bug, one drug” development approach has a low 
historical success rate for treating infectious diseases. 
By contrast, discovering synergistic drugs that act on the 
infected human, rather than just on the bug, has potential 
for treating more than one infectious disease.

The “one bug, one drug” 
development approach has a 
low historical success rate for 
treating infectious diseases.
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POC: Dale Taylor, dale.e.taylor4.civ@mail.mil

U.S. Government supported 
accelerated COVID-19 
therapeutic drug trials

Proceedings of National 
Academy of Sciences

“Deep learning identifies
synergistic drug combinations 
for treating COVID-19”

Synergistic therapies have many 
advantages and can:

•  Usually be given at lower doses than 
single-drug treatments

•  Have more robust therapeutic effects

•  Have a lower incidence of undesirable side effects

•  Reduce the likelihood of developing single-drug 
resistance in viral and bacterial infections 

Current machine-learning approaches have limited 
capacity for predicting drug combinations for emerging 
diseases because they require large quantities of data, 
like those for cancer and diabetes. This amount of data is 
not readily available for most infectious diseases and to 
a lesser extent for emerging diseases such as COVID-19. 
Even less data is available from drug-combination 
screening studies, making it difficult to discover 
synergistic treatments. 

To address the lack of available data for infectious and 
emerging diseases, computer scientists at MIT developed 
new deep-learning methods and created a drug-prediction 
tool named ComboNet that improves drug-target and 
drug-drug synergy predictions. ComboNet can perform 
the following actions with better accuracy than preexisting 
tools and can predict: 

•   If a drug binds to a specific biological target 

•  Each drug’s antiviral activity

•  How two drugs interact

The MIT computer scientists used ComboNet to identify 
two new drug combinations that could be used to 
combat COVID-19: (1) remdesivir plus reserpine, and 
(2) remdesivir plus IQ-1S. Recently, the FDA expanded 
approval for using remdesivir to treat patients 28 days of 
age and older, including those both hospitalized and not 

Click here to learn more

Click here to learn more

hospitalized, for mild-to-moderate COVID-19. Remdesivir 
has FDA approval for treating high blood pressure. IQ-1S 
is an experimental drug. In cell viability experiments, both 
combination medicines demonstrated potent SARS-CoV-2 
antiviral activity. 

The new machine-learning method and ComboNet drug 
prediction tool enables scientists to rapidly identify new 
combination treatments for emerging infectious diseases 
with greater accuracy than previous tools, which will help 
minimize the health impacts of infectious diseases and 
biological warfare threats to the Joint Force. 
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Effective treatments for COVID-19 are urgently needed. However,
discovering single-agent therapies with activity against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been
challenging. Combination therapies play an important role in
antiviral therapies, due to their improved efficacy and reduced
toxicity. Recent approaches have applied deep learning to identify
synergistic drug combinations for diseases with vast preexist-
ing datasets, but these are not applicable to new diseases with
limited combination data, such as COVID-19. Given that drug
synergy often occurs through inhibition of discrete biological
targets, here we propose a neural network architecture that
jointly learns drug−target interaction and drug−drug synergy.
The model consists of two parts: a drug−target interaction mod-
ule and a target−disease association module. This design enables
the model to utilize drug−target interaction data and single-
agent antiviral activity data, in addition to available drug−drug
combination datasets, which may be small in nature. By incor-
porating additional biological information, our model performs
significantly better in synergy prediction accuracy than previ-
ous methods with limited drug combination training data. We
empirically validated our model predictions and discovered two
drug combinations, remdesivir and reserpine as well as remde-
sivir and IQ-1S, which display strong antiviral SARS-CoV-2 synergy
in vitro. Our approach, which was applied here to address the
urgent threat of COVID-19, can be readily extended to other
diseases for which a dearth of chemical−chemical combination
data exists.

deep learning | drug discovery | drug synergy | SARS-CoV-2

Combination therapies have been shown to be more effec-
tive than single drugs for multiple diseases such as HIV

(1) and infections caused by Mycobacterium tuberculosis (2).
Synergistic combinations can improve both therapeutic potency
and efficacy, either achieving stronger therapeutic effects and/or
decreasing the required dose, thereby reducing side effects. To
address the COVID-19 pandemic, and future pandemics, find-
ing useful combinations of approved molecules has an additional
benefit over discovering and developing an entirely novel single-
agent therapy: reduced time to clinical adoption. Approved
drugs are readily available at scale, have well-studied toxic-
ity profiles, and may be used off-label in extenuating circum-
stances. Collectively, these considerations highlight the benefits
of discovering new synergistic drug combinations for treating
COVID-19.

Exploring the space of combinations via high-throughput
screening of even midsized chemical libraries is prohibitive due
to the exceedingly large number of unique chemical combina-
tions. Therefore, in silico screening based on various computa-
tional methods is an appealing alternative (3, 4). For example,
Bobrowski et al. (5) used knowledge-based methods to gener-

ate candidate drug combinations and experimentally validated
their antiviral severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) synergies. Cheng et al. (6) developed a biological
network proximity measure to predict drug synergy for hyperten-
sion and cancer. Prior work has applied various machine learning
techniques for synergy prediction (7–9), including deep learning
approaches (10–12). Indeed, Preuer et al. (10) trained a deep
neural network on a large oncology screen (13) and demon-
strated the advantage of deep learning over standard machine
learning models such as RFs and SVMs.

Unfortunately, there are two primary challenges that prevent
one from applying existing deep learning approaches to predict
therapeutic chemical combinations for emerging pathogens such
as SARS-CoV-2. First, deep neural networks require a large
amount of training data with measured synergy scores. While
such data are readily available for some diseases such as cancer
(13) (more than 20,000 combinations), the amount of SARS-
CoV-2 drug combination data (5) is very limited (less than 200
combinations). Second, even the largest combination screen for
cancer (14) covers only around 100 different molecules, since
the number of pairwise combinations grows quadratically. This
significantly limits a model’s ability to generalize to new chemi-
cal spaces outside of the training set. Therefore, we posit that a

Significance

COVID-19 has caused more than 2.5 million deaths world-
wide. It is imperative that we develop therapies that can
mitigate the effect of the disease. While searching for indi-
vidual drugs for this purpose has been met with difficulties,
synergistic drug combinations offer a promising alternative.
However, the lack of high-quality training data pertaining
to drug combinations makes it challenging to use exist-
ing machine learning methods for effective novel combina-
tion prediction tasks. Our proposed approach addresses this
challenge by leveraging additional readily available data,
such as drug−target interactions, thus enabling an effec-
tive in silico search for synergistic combinations against
SARS-CoV-2.
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model should incorporate additional information besides molec-
ular structures in order to accurately predict new synergistic drug
combinations.

The main contribution of this paper is a deep learning archi-
tecture, which we call ComboNet, that jointly models molecular
structure, as well as biological targets, for the purpose of pre-
dicting synergistic drug combinations. Our hypothesis is that,
by explicitly modeling interactions between drugs and biolog-
ical targets, we can significantly decrease the dependence on
combination synergy data. Indeed, uniquely, relative to previ-
ous approaches (3, 4, 9, 15, 16) using drug−target interaction
(DTI) as fixed descriptors, ComboNet learns to predict DTI from
molecular structures, which is advantageous since a large propor-
tion of compounds in our training dataset have incomplete DTI
information.

The ComboNet architecture consists of two components. The
first component is a graph convolutional network (GCN) (17)
that learns a continuous representation of a molecule. This rep-
resentation contains both structural features of the molecule and
predicted targets (i.e., what biological targets may interact with
the molecule). Specifically, the biological targets in our train-
ing dataset include SARS-CoV-2 3CL protease, angiotensin-
converting enzyme 2 (ACE2), and 31 host targets that phys-
ically interact with viral proteins (18). The GCN learns to
predict the most likely targets, using data collected from the
Chemical Database of European Molecular Biology Laboratory
(ChEMBL) (19) and US National Center for Advancing Trans-
lational Sciences (NCATS) OpenData portal (20). The 31 host
targets included in ComboNet are only a subset of the 332 targets
that physically interact with SARS-CoV-2 (18). Other targets
were excluded because they lack available DTI data.

The second component of ComboNet models target−disease
association. It is a linear function that learns how biological
targets and structural features of molecules are related to antivi-
ral activity and synergy. It is trained on NCATS single-agent

SARS-CoV-2 cytopathic effect (CPE) assay data (21) and avail-
able drug combination assays (22). In short, ComboNet predicts
drug combination synergy by modeling structural features of
both compounds and biological targets.

Herein, we evaluated ComboNet on a hold-out test set (5) of
71 drug combinations with measured anti−SARS-CoV-2 synergy
in vitro. Our model achieves 0.82 receiver operating charac-
teristic−area under the curve (ROC-AUC) using ∼200 drug
combination data for training, with specificity = 0.75 and sen-
sitivity = 0.80. We additionally applied ComboNet to in silico
repurposing of existing drugs and experimentally tested 30 drug
combinations. From this empirical set of 30 tested combinations,
we discovered two drug combinations (remdesivir and reserpine;
remdesivir and IQ-1S) with strong synergy in vitro. In gen-
eral, ComboNet represents an advance toward predicting novel
chemical−chemical synergy for instances where minimal combi-
nation training data exist.

Results
Fig. 1 provides an overview of the network architecture. It is
composed of a DTI network and target−disease association net-
work. These are trained to accomplish three tasks: 1) predict
the interaction between a drug and a set of K biological tar-
gets {t1, . . . , tK} related to the disease of interest, 2) predict a
drug’s intrinsic antiviral activity, and 3) predict the synergy of
two drugs. The latter two tasks depend on both the predicted
biological targets and structural features of input molecules.

Drug−Target Interaction Prediction. The DTI network is trained
to predict whether a drug binds to a biological target. The DTI
training data are compiled from ChEMBL, including K biolog-
ical targets related to the indication or pathogen of interest—in
our case, SARS-CoV-2. Each DTI dataset consists of a list
of molecules and their binary DTI labels (positive/negative).
A positive label means the binding affinity (e.g., half-maximal

A

B

Fig. 1. ComboNet for synergistic drug combination discovery. (A) ComboNet is composed of two networks: a DTI and a target−disease association network.
The antiviral effect of a single drug pA is predicted from its representation zA. The vector zA characterizes the DTI features of drug A. (B) The antiviral effect
of a combination is predicted from its representation zAB, which is computed from the molecular representations of each individual drug zA, zB. ComboNet
is trained on drug combination synergy, single-drug antiviral activity, and DTI data.

2 of 7 | PNAS
https://doi.org/10.1073/pnas.2105070118
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Dry powders could 
outpace lotions for 
a readily available, 

shelf-stable chemical 
decontaminate for 

anywhere in the field.

Researchers are developing new immediate skin 
decontamination prototype devices for the Joint 
Force with the goal of having fewer logistical and 

operational limitations and a lower cost than the Reactive 
Skin Decontamination Lotion (RSDL) Kit that is part of 
regularly issued decontamination equipment. The Defense 
Threat Reduction Agency’s (DTRA) Chemical and Biological 
Technologies Department in its role as the Joint Science and 
Technology Office (JSTO) for the Chemical and Biological 
Defense Program is working with the U.S. Combat Capabilities 
Development Command Chemical Biological Center (DEVCOM 
CBC), the University of Hertfordshire in the United Kingdom, and 
industry partners to develop and test improved, low-cost, skin 
decontamination prototype devices.
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During a chemical warfare agent (CWA) attack, Joint Force 
members enter what is called Mission Oriented Protective 
Posture (MOPP) 4 by donning a complete set of protective 
garments including a mask, overgarment, boots, and gloves. 
Getting into this apparel takes time and risks skin exposure to 
dangerous chemical agents. If warfighters contact chemical 
agents, they must immediately decontaminate their skin 
to minimize any hazardous health effects and continue 
their mission. Currently, the Joint Force can effectively 
decontaminate nerve and blister agents on skin using RSDL, 
but it has a limited shelf life, restrictive storage requirements, 
and high cost.

The new skin decontamination prototype will be designed to 
overcome current logistical and operational limitations by likely 
having a longer shelf life, unrestrictive storage requirements, 
and improved immediate decontamination for the full spectrum 
of CWAs on skin. Other research seeking improved solutions 
for wound decontamination in separate but parallel efforts may 
overlap or complement the skin decontamination prototypes.

DEVCOM CBC and the University of Hertfordshire 
began testing candidate materials for an improved skin 
decontamination solution and saw that zirconium hydroxide 
powder efficiently neutralized chemical agents, which led the 
research team to choose it to develop for prototype devices. 
Zirconium hydroxide powder is an inexpensive, commercially 
available chemical that does not dissolve in water and can 
absorb and reactively destroy chemical agents. DTRA-JSTO 
has successfully used zirconium hydroxide powder to develop 
new chemical filters and equipment decontaminants.

Researchers are investigating zirconium hydroxide by 
measuring the amount of chemical agent absorbed and 
destroyed by the powder or released into the environment 
(called off-gassing) to determine exactly how much powder is 
needed for effective decontamination and compatibility with 
current Joint Force equipment. Experiments include using 
laboratory skin surrogates and specialized chambers called 
diffusion cells, which measure the amount of chemical agent 
that penetrates skin, and the efficiency of removal by prototype 

Zirconium hydroxide 
powder is an inexpensive, 

commercially available 
chemical that does not 

dissolve in water and can 
absorb and reactively 

destroy chemical agents.

A soldier in MOPP 4 protective 
equipment tests for chemical agents 

to confirm the area is decontaminated 
after a chemical attack at the National 

Training Center in Fort Irwin, Calif. (U.S. 
Army photo by Capt. Katherine Zins)
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POC: Bernadette Higgins, Ph.D., bernadette.a.higgins.civ@mail.mil

Air Force Reserve Staff Sgt. Casey 
Godwin, aircrew flight equipment specialist, 
327th Operations Support Squadron, pats down 
Staff Sgt. Michael Hopson, loadmaster, 327th 
Airlift Squadron, with activated charcoal from an M295 
Individual Decontamination Kit during a training scenario. 
(U.S. Air Force photo by Master Sgt. Jeff Walston)

technologies. The researchers will study zirconium hydroxide 
powder performance in laboratory-simulated extreme hot and 
cold environments. 

Current research is looking at how much loose zirconium 
hydroxide powder applied to the skin is needed for thorough 
decontamination. The goal is to use the zirconium hydroxide 
powder in a form, such as the M295 mitt, for immediate 
decontamination of exposed skin with similar results as the 
loose powder. A prototype mitt can be used immediately 
to absorb chemical agents from skin and reactively destroy 
CWAs, providing improved immediate decontamination in all 
environmental conditions, and enabling safe and easy disposal 
of the mitt.

The next phase of the project is to develop prototype devices 
using zirconium hydroxide that can be readily used by the Joint 
Force, potentially including mitts, wipes, and gloves. Industry 
partners will design prototypes that can: 

•  Be stored, carried, and used in a variety of operational 
environments 

•  Rapidly absorb CWA gross contamination within 2 to 
15 minutes 

•  Neutralize the CWAs

DTRA-JSTO will present this new skin-decontamination 
concept at the 2022 Chemical Biological Operational 
Assessment Concept Tent to collect warfighters’ feedback 
on the design of an ideal form and its use in terms of time 
requirements and application methods. 

The decontamination effectiveness and safety data produced 
from this program will support companies submitting a medical 
device application to the U.S. Food and Drug Administration for 
consideration and approval. 
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C L I C K  T O  L I S T E N  T O D A Y

Invisible Battlefields:  
Inside the Science 
of Chemical and 
Biological Defense

EPISODE 01

Developing protections from current  
and emerging chemical and biological  
threats through the application of 

 artificial intelligence and machine learning. 

A V A I L A B L E  N O W

Invisible Battlefields is a podcast meant to 
engage with the Chemical and Biological defense 
community and is another platform providing 

a voice highlighting the continuous collaborations 
that the DTRA-JSTO program explores with industry 
partners, academia, and other government 
agencies concerning chemical and biological threats 
and protecting our Joint Force against them.

Join host Carl Brown as he explores the technologies 
developed by the Defense Threat Reduction Agency’s Chemical 
and Biological Technologies Department in its role as the Joint 
Science and Technology Office for the Chemical and Biological 
Defense Program to protect against these microscopic threats.
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Within the Defense Threat Reduction Agency’s Research and Development 
Directorate resides the Chemical and Biological Technologies Department 
performing the role of Joint Science and Technology Office for the Chemical 
and Biological Defense Program. This publication highlights the department’s 
advancements in protecting the Joint Force and citizens from chemical and 
biological threats through the innovative application of science and technology.
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