The Coronavirus Chronicles: Emergence of a Global Pandemic

| did not realize the gravity of the situation until | was told explicitly. One of my lab mates shared an email
from the Dean of Harvard Medical School on our research group’s messaging system. In his email justifying
the need to close research labs in his department, the dean said that COVID-19 is the single most
threatening pandemic to arise in the last century and went on to compare it to the influenza pandemic of
1918, which killed tens of millions. | thought of other epidemics that had occurred during my lifetime. | was
eight years old when SARS first appeared. | had heard about it but didn’t know much else. | was in high
school during the outbreak of HIN1, or swine flu. | recalled waiting in line at the mall to receive a vaccine
and suffering from a very bad flu that winter. People panicked about these earlier outbreaks, but COVID-
19 seemed like such a distant threat, something happening on the other side of the world that did not
concern me, until | read that email. His words made me realize this pandemic might be one of the defining
historical moments of our lifetimes.

In late 2019, several patients were appearing in Wuhan, Hubei province, China with viral pneumonia.
Patients tested negative for common respiratory viruses and bacterial. However, it was soon discovered
that the patients were infected with a previously unknown virus, the 2019 novel corona virus (2019-nCoV,
also now referred to as SARS-CoV-2). The majority of initial patients worked at or lived near Huanan
seafood wholesale market2, which in addition to fish and shellfish sold a variety of live animals3. Initial cases
were suspected to be linked to animal-to-person spread“. Clusters of infected family members and medical
personnel with no contact with the market, including a patient in a different city whose relatives had traveled
to Wuhan, confirmed person-to-person transmission45. Cases were soon doubling almost every week®.

Most common symptoms were fever and dry cough, followed by shortness of breath, muscle aches,
confusion, sore throat, headaches, rhinorrhea, chest pain and diarrhea2#°. Patients also had abnormal
chest CT scans?’. Some patients developed acute respiratory distress syndrome and among those, some
worsened and died of multiple organ failure2. Older patients and those with underlying conditions had more
systemic symptoms and were more likely to require ICU care*. The new disease was termed Coronavirus
disease 2019 (COVID-19).

The initial mortality rate appears to be 2-3 %* though it is difficult to quantify in an ongoing pandemic, as
infected individuals with mild symptoms may not be tested. Additionally, some carriers of the virus can be
asymptomatic8. Over the proceeding months, the virus would spread to every continent, infecting hundreds
of thousands and killing tens of thousands, prompting the World Health Organization to label it as a global
pandemic. This would become the third coronavirus outbreak in humans of the 21st century.

March 7, 2020: 105.9k confirmed cases globally

| sat waiting in my parents’ hotel room as they finished getting ready. My parents had come in this weekend
to see me play in the MIT Battle of the Bands which was scheduled to go on yesterday but had been
cancelled due to MIT’s newly implemented policy to postpone, cancel or “virtualize” any events with over
150 participants as a precaution against the spread of COVID-19. | had seen a few articles in the news
about the virus but hadn’t really put much thought into it until now.

“They’re being overzealous” my dad had said when | had told him about the event being cancelled.
With the TV on in the background, my parents discussed the virus.
“It's being blown out of proportion. It's about creating panic and making Trump look bad” my dad exclaimed.

There was plenty of rhetoric about how this was just like the flu. | had heard that it was more infectious and
more deadly than the flu but at that point, the virus seemed to barely register on America’s consciousness.



Coronaviruses are thought to account for approximately 5-30 % of human respiratory tract infections®.
Coronaviruses were first identified in the early 20th century via infections in chickens and pigs. The first
human coronaviruses were discovered in the 1960s. Most coronaviruses that are pathogenic to humans
are mild, with the exceptions of severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV),
Middle East respiratory syndrome coronavirus (MERS-CoV)® and now 2019-nCoV.

In late 2002, a novel coronavirus known now as SARS-CoV, emerged in southern China. Between 2002
and 2003, it spread to over 30 countries causing over 8000 infections and over 700 deaths giving it a
mortality rate of approximately 10 %, though the mortality rate was greater than 50 % in patients 65 or older.
The outbreak was finally brought under control by quarantine, patient-isolation and travel restrictions!t. The
virus originated in bats, and civets subsequently served as an intermediate which could transfer it to
humans2512, SARS-CoV recognizes angiotensin-converting enzyme 2 (ACE2), a protein expressed on the
surface of epithelial cells in the lungs, as well as cells in the intestines and cardiovascular system?3. During
the epidemic, very similar strains of SARS-CoV were isolated from humans and palm civets available in
live animal markets!*. These markets may therefore have served as hubs for coronaviruses to be
transmitted to human hosts from animals. Four additional outbreaks of related SARS-coronaviruses
occurred in 2003 and 2004.

In 2012, MERS-CoV emerged in Saudi Arabia, which caused approximately 2500 laboratory confirmed
infections and resulted in 800 deaths giving it a mortality rate of 36 %. Like SARS-CoV, MERS-CoV
originated in bats and was transmitted to humans via an intermediate animal, in this case dromedary
camels?>12, The virus was found to bind Dipeptidyl peptidase-4 (DPP4), a protein which is expressed in
the epithelial cells of human lung tissue?®.

Including SARS-CoV, MERS-CoV and 2019-nCoV, four other coronaviruses pathogenic to humans are
known and have been suggested to be circulating in humans for decades or even centuries. Generally,
infections from these viruses cause mild respiratory illness but can cause more severe illness in the elderly
and those with comorbidities?®.

Coronavirus infections and outbreaks are not restricted to humans. Different coronaviruses infect a variety
of mammals and birds®12. In 2013, porcine epidemic diarrhea coronavirus (PEDV) killed millions of piglets
across the Americas and Asia with an almost 100 % fatality rate!?16. In 2016-2017, in a region
geographically close to the original outbreak of SARS-CoV, an outbreak of swine acute diarrhoea syndrome
(SADS) killed over 24,000 piglets in China. The mortality rate was as high as 90 % in very young piglets,
but dropped dramatically in older pigs!7:8,

The 2019-nCoV has been found to be closely related to two coronaviruses discovered in bats from China®
suggesting that the virus originated in bats. However, several lines of evidence suggest that, like SARS-
CoV and MERS-CoV, the virus travelled through a still unknown intermediate. While Huanan market sold
a variety of live animals, including mammals, birds and reptiles, as well as carcasses and meat?, no bats
were available for sale®5. Furthermore, the outbreak began in December when most bats in Wuhan are
hibernating and the genetic evidence suggests that the two bat-derived coronaviruses are not direct
ancestors®. Although it has a lower mortality rate than SARS-CoV and MERS-CoV of about 2-3 %, it
appears to be more infectious and has caused the greatest number of deaths of the three outbreaks?.

March 9, 2020: 113.5k confirmed cases globally

| had lunch with a friend | hadn’t seen in a while. We ran into each other a few days ago and agreed to have
dinner together at some point.

“Sorry | never reached out” | said.



“It's fine, better to stay in and be safe these days” he said.

The American Physics Society conference, which was supposed to take place that week and some of our
colleagues were planning on attending, had been cancelled 24 hours before the official start to due fears
of COVID-19. It seemed like the American Chemical Society meeting in a few weeks would soon follow
suit. | could understand cancelling a huge conference that would bring in thousands of people from around
the world, but my friend seemed to think it would be risky to go out to eat in Cambridge. | thought he was
being a little overly cautious.

After been reminded of this novel virus, | grabbed a squirt of hand sanitizer from the one of MIT’s newly
erected dispensers on my way back to my lab.

When viewed under an electron microscope, crown-like projections can be observed on the surface of
coronaviruses®. These structures, from which the class of virus derives its name (“corona” is Latin for
crown) are the coronavirus spike proteins (also referred to as S protein), which are the critical instrument
for viral infection of cells. The protein has subunits S1, which contains a domain for binding receptors on
the host cell’s surface and S2, which fuses the viral and host membranes, enabling the viral genetic material
to enter the cell. Electron microscopy studies have shown that the S proteins form a trimer with three S1
subunits sitting atop the S2 subunits!®20, The S protein determines the range of both tissues and hosts the
virus is able to infect!?.

As discussed previously, during the SARS-CoV epidemic, similar coronaviruses were isolated from human
patients and palm civets. The S1 receptor-binding domain (S1-RBD) of the human and civet isolated viruses
different by only two amino acids. However, the human SARS-CoV S1-RBD binds much more strongly to
its target, human ACE2, than the civet SARS-CoV S1-RBD. Indeed, the civet coronavirus was found to be
unable to bind human ACE2, whereas the epidemic-inducing strain was able to bind both human and civet
ACE22, Therefore, these mutations between the human and civet strains likely played an important role in
civet-to-human and human-to-human transmission during the SARS epidemic'?. Additionally, they
demonstrate how the S protein receptor-binding domain can influence the host range. Mouse and rat ACE2
also have different structures compared to human ACE2. SARS-CoV binds poorly to mouse ACE2 and is
unable to bind rat ACE2, thus it minimally infects mice cells and cannot infect rat cells*2. Similarly, MERS-
CoV cannot infect small rodents because of structural differences in the receptor DPP4, the receptor used
by MERS-CoV, between rodents and humans?2,

The structural mechanisms for membrane fusion of coronaviruses to host cells are still unclear, but
information can be gleaned from similar, less complex viral membrane fusion proteins, such as the influenza
virus hemagglutinin glycoprotein (HA). Like the coronavirus S protein, the influenza virus HA possesses a
receptor binding subunit HA1 and a membrane fusion subunit HA2. Additionally, HA also forms trimers.
Host proteases cleave HA1 and HA2, though they remain associated through non-covalent interactions.
During cell entry, HA1 binds to a receptor on the host cell surface and dissociates. HA2 then undergoes a
conformational change. Hydrophobic fusion proteins in HA2 insert into the host membrane ultimately
causing the membranes to fusel2.

Compared with influenza HA, the coronavirus S protein has some unique features, such as its larger size
and the presence of two cleavage sites. The coronavirus S protein has cleavage sites in between the S1
and S2 domains and one at the end of the fusion peptide. The S1 subunit prevents the S2 subunit from
undergoing its conformational change. Additionally, the fusion peptide is internal in coronaviruses. Thus,
cleavage appears necessary for the conformational changes tied to membrane fusion'. In fact, it has been
demonstrated for SARS-CoV, MERS-CoV and other coronaviruses that cleavage at both sites is necessary
for membrane fusion to occur. For SARS-CoV, in addition to lysosomal proteases, the S protein is
processed by extracellular and cell surface proteases found in the respiratory tract and lungs. The cell and
tissue specificities of these proteases may be why SARS-CoV causes respiratory tract infections??,



Evidence also suggests that receptor binding triggers the conformational change of the S2 domain and
membrane fusion!!12. After the conformational change of the S2 subunit, a six-helix bundle is formed which
is used for membrane fusion'?.12,

The structure of the 2019-nCoV S protein resembles that of the SARS-CoV S protein and like SARS-CoV,
2019-nCoV binds ACE22,. Its S protein is able to bind ACE2 10-20 times more strongly than that of SARS-
CoVZ, which is hypothesized to contribute to its higher transmissibility and contagiousness?*. It was
discovered that 2019-nCoV has a cleavage site not found in other SARS-like coronaviruses, which is
cleaved by a protease highly expressed in lungs?®. More work is needed to fully understand the membrane
fusion mechanism of 2019-nCoV, but the inhibition of this enzyme could provide a possible anti-viral
treatment.

Receptor binding domains and proteolysis sites of the S protein appear to be critical to the pathogenicity
and cross-species transmission of coronaviruses. Due to their unique method of viral replication,
coronaviruses readily undergo genetic mutations and recombination®2, A small number of mutations in
viral receptor-binding domains can enable access to new host species and types of tissue, potentially
causing cross-species transmission and epidemic outcomes?'?, Additionally, proteolysis seems to be critical
for membrane fusion and range of host cell types available as hosts!?25. Studies on MERS-CoV have shown
that differences in proteases across hosts can serve as a barrier for cross-species transmission?2,

March 11, 2020: 125.8k confirmed cases globally

In what felt like months but was really just a few days, MIT had been turned on its head. The day before,
the administration had announced that all undergraduate students would have to move off campus in just
under a week, following the same announcement from Harvard. Seminar speakers were unable to or
refused to travel. Essentially all events on campus were cancelled. The number of COVID-19 cases in
Massachusetts had more than doubled to 92, prompting the governor to declare a state of emergency.
While the MIT administration claimed there was no impending risk to the MIT community, | understood their
reasoning for sending the undergrads home, considering most of them lived in dorms with shared kitchens
and bathrooms.

A few years ago when | was a teaching assistant for general chemistry, | remembered the hundreds of
students getting sick simultaneously from whatever ailment was circulating the dorms and classrooms at
the time.

“It's like this every year whenever something is going around” the course coordinator had told us.

“They got us sick too” one of my lab mates reminded me, as we discussed the merits of the MIT
administration’s decision.

| imagined the infectious coronavirus would spread like wildfire through the undergrad dorms.

On the outside, life appeared as normal for us graduate students. Aside from our now obsessive
handwashing, we reasoned among ourselves that there wouldn’t be much change for us.

That night, | began to hear the stories coming in from Italy, the second hardest hit country after China. How
there are too many patients to treat. That the hospitals began to triage patients and decide who they will
treat and who will be left to die.

After the outbreak of SARS-CoV, a number of SARS-like coronaviruses were discovered in Chinese
horseshoe bats?6-28, The genetic diversity of coronaviruses in bats was greater than those found in humans
or civets, suggesting they are the natural coronavirus reservoir?’. One survey found numerous SARS-like



coronaviruses in a single colony?8. Furthermore, a bat coronavirus was discovered which is able to use
human ACEZ2, the same receptor used by SARS-CoV, to enter host cells?8. In addition to the bats discovered
in China, SARS-like coronaviruses have been found in bats in Europe and Africa®®. Similarly, after the
MERS outbreak, bats near the home and workplace of a patient were found to have a number of
coronaviruses, including one bat possessing a virus with 100 % genome sequence identity to that found in
an infected human patient?®. Bat coronaviruses related to MERS-CoV have been found in bats in Asia,
Africa, Europe and the Americas?82, The outbreak of SADS in pig farms in China was traced back to a
nearby bat colony where a coronavirus with 98 % genome sequence identity was found”18, 2019-nCoV is
suggested to have originated in bats as the virus is most closely related to bat coronaviruses®. These
findings show that bats play a critical role in pathogenic viral disease and that direct bat-to-human viral
transfer without an intermediate non-human host is possible.

In addition to the many coronaviruses already discussed, bats are reservoir hosts to a number of viruses
including rabies, Ebola, Hendra, Nipah and Marburg viruses'7:30, 75 % of emerging infectious diseases are
zoonoses (diseases which pathogen is maintained in a non-human vertebrate)!’. Bats harbor a diverse set
of viruses and more viruses come from bats than any other mammal'’. However, bats are able to host
viruses without displaying serious symptoms, even though the same viruses cause severe infections and
death in other mammals, including humans=0.

As the only mammal capable of flight, bats require a high metabolism. Bats have developed physiological
mechanisms to prevent oxidative damage related to their high metabolism. While there are many unknowns
related to bat immune systems, these mechanisms may explain bats’ uniquely long lifetimes and
furthermore, why bats are able to host a large number of viruses.

The metabolic demands of flight can cause DNA damage and release DNA into the cytoplasm. Bats appear
to have evolved a dampened inflammation immune response to cytosolic DNA compared to other
mammals3!, Cytosolic RNA and DNA can also be produced during a viral infection, activating this
inflammation pathway. Bat's dampened pathway may enable them to coexist with these viruses, which can
potentially cause excessive inflammation and death in other speciess?.

When mammalian cells detect viral RNA or DNA in their cytoplasm, they will induce a response to make
neighbouring cells essentially antiviral. Bats appear to carry out this response perpetually, even in the
absence of viral RNA or DNA. While this would be harmful to most mammals, bat’s reduced inflammation
response reduces the risk. Epidemics are therefore less severe in bat cells compared to those of other
mammals. This antiviral response protects bat cells from rapid infection and death and thus increases the
likelihood for long-term persistent infections. This suggests that viruses in bats could evolve greater
transmission rates within the host without severe consequences. However, if such viruses transfer to other
mammalian hosts, they could cause severe infections°.

March 13, 2020: 144.5k confirmed cases globally
| awoke to a text alert from MIT informing everyone that undergrads should now move out by Sunday.

My roommate had the idea to go to the grocery store on Friday morning rather than on the weekend as we
usually did.

“It'll probably be less crowded and be cleaner in the morning” he told me the night before.

| thought it seemed like a good idea. A surreal scene greeted me when | arrived at the store. | made my
way first to the canned beans and found the shelf almost completely empty. The contrast was sharp from
aisle to aisle. While nothing looked out of the ordinary in some, others were picked completely clean. Most
canned goods, rice and pasta was gone. The store didn’t seem to have a single loaf of bread left. My mind
raced and | realized | would have to make do with whatever | could find.



Campus seemed to be on the edge of hysteria, and my lab was no exception. We were all encouraged to
work from home when possible and it seemed like MIT would ramp down on-campus research imminently.
My lab mate and | decided we would take as much data as we could, giving us plenty to work on at home.
| was hesitant to relay to my colleagues what | had seen in the grocery store that morning, worrying it would
only make everyone more anxious.

With all of these events happening one after another | decided it would be wise to drop by the international
student’s office to get my visa signed which would permit me to re-enter the country after travel, just in case
| decided to leave. The office had an air of panic and three people staffed the front desk rather than the
typical one. Without even having to ask them to do so, they gave me a travel signature within minutes, a
process that usually takes two business days.

| dropped off a book | had finished reading at the library and the desk was being staffed by an undergraduate
I knew in her senior year. | asked her how she was holding up.

“It's just so crazy. We don’t even know if we're going to have convocation or not.”

She was still undecided if she would go back home to her parents or try to stay in Cambridge. | was at a
loss of what to say. What could one possibly say to someone whose whole world had been turned upside
down in a matter of days?

To minimize person-to-person contact, we held our usual Friday afternoon group meeting over Zoom. One
of the newer lab members was very distressed since she lived with several undergrads who would soon be
returning from their spring breaks after traveling all over the country or even internationally. | advised her
that if she wants to leave the city and go back to her family, now would be the time to do so.

As the day progressed, our work seemed to have a more and more frantic pace. We raced to finish our last
day of experiments on campus while simultaneously closing up our lab for what felt like an imminent
shutdown.

That afternoon the president declared a state of emergency. What did this mean for us? Another lab
member decided she wanted to leave the city.

“If we’re going to be quarantined I'd rather be stuck with my mom than here.”

| wished her safe travels and encouraged her to do what she thought was best. My throat felt sore. Did |
have the virus or was it just stress? | tried to keep my distance from my colleagues.

Recently, Malayan pangolins being smuggled into southern China were discovered to be carrying a virus
related to 2019-nCoV, suggesting they may be the missing animal link which enabled the virus to spread
to humans. The pangolin coronavirus exhibited a very similar sequence in the receptor binding domain to
2019-nCov, even though this novel pangolin virus is more closely related to a bat coronavirus for the
remainder of its genome32. Additional 2019-nCoV-like coronaviruses have subsequently been identified in
pangolins33. Pangolins with coronavirus infections are usually in poor or critical health conditions suggesting
that pangolins are an intermediate rather than original host of the virus33. Sequencing of genomic and
protein samples from pangolins showed only the lungs contained 2019-nCoV-like samples. In addition to a
similar genome revealed by the genomic sequencing, the protein sequencing results identified a partial
pangolin coronavirus S protein that is highly similar to the 2019-nCoV S protein. Only 5 residues are
different on the receptor-binding domain of the pangolin coronavirus compared to 2019-nCoV, in contrast
with the 19 residues it differs from a similar bat coronavirus®.

It is tempting to consider the possibility that pangolins served as the missing intermediate to transmit 2019-
nCoV to humans. However, ACE2 of humans and pangolins are more similar than ACE2 of humans and
bats; thus the newly discovered pangolin coronavirus may be the result of convergent evolution32. While



pangolins may be a possible intermediate between bats and humans for 2019-nCoV, other hosts may exist.
In addition to civets, SARS-CoV is able to use racoon dogs and ferret badgers as intermediates®3.

March 15, 2020: 162.7k confirmed cases globally. The total number of cases outside of mainland China
has just surpassed those of mainland China.

Since | would be working from home for the foreseeable future, | decided to bring my work desktop home.
It would be of no use to me in my office.

While walking towards campus | noticed what a grim day it was. The typically busy streets were deserted.
When | happened to encounter another pedestrian, there was a tacit agreement to keep as much space
between us as possible as we passed. | felt my knuckles, which had become chapped and bloody from the
frequent, almost fanatical, handwashing.

Approaching campus, | decided that it would be best to walk around rather than through any building to
minimize any close encounters in the hallways. When | arrived, | realized this was the final move-out day
for the undergrads. | walked by several shiny SUVs glittering in the sunlight, inspecting what state their
licence plate was from, but cautious not to get too close. | saw a couple embrace, possibly their last for a
long time.

During a regular semester, | enjoy running into my former students from when taught general chemistry
years ago. Some are oblivious to me when | walk by but others flash a smile or exchange a greeting. |
realized that they would be graduating this semester and would not be returning to campus after this
departure. | would probably never see any of them again.

On occasion, | would go into lab on the weekend, be it to do a bit of work or just pick up my running shoes
for the gym. On a typical weekend, | could expect to find one or more people working on my floor. | knew
on this day, the building would reflect the vacantness of outside. Descending the stairs, | saw the darkness
that awaited me in the basement though the door’s window.

| walked through the empty lab spaces, making sure everything was off and safe to leave for an
undetermined amount of time. We were advised to leave our lab spaces such that they would be fine for 6-
8 weeks. After grabbing my computer, | ran into a colleague. We discussed how much had changed since
we last spoke. Between Friday morning and that Sunday morning, about a third of our lab decided to flee
the city and the president had declared a national emergency. These things don’t happen every day.

Exiting the building, | ran into a maintenance worker | knew. He told me how busy he was moving and
storing the students’ belongings and how much work there was to do on campus. He mentioned that he
saw students filling up Tupperware containers with hand sanitizer. He stood next to me as we spoke, which
made me uncomfortable. What if one of us was sick and infected the other?

March 18, 2020: 194.9k confirmed cases globally

| like to use an alarm clock radio in the morning, a habit carried over from before | had a smart phone. |
recently rediscovered that rather than wake up to the harsh buzzer, | could instead have it set to the radio,
which happened to be set to a local news station. The morning announcer relayed that several people were
calling for the governor to impose a lock-down on Boston, but he refused to do so.

This was my third day of working at home. It was still an adjustment. Upon arriving at work, the first thing |
would do is check my email and Slack. Now in addition to those, | added the John’s Hopkins coronavirus
case tracker to my morning routine.



That afternoon, after talking with two of my friends from college over Facebook messenger, one of them
had the idea to do a Zoom call between the three of us. It was nice to see their faces. | had not seen either
in person in over a year. We shared the experience in our respective cities. One friend was in graduate
school at Vanderbilt in Nashville. He told us about how all of the undergrads had to leave campus and how,
as a TA, he would have to hold office hours over Zoom. The other friend was in Berkeley, which was
imposing shelter-in-place rules. She told us she was safe and the city seemed deserted.

Later that day, my roommate, who had spent most of his day moving his brother out of his undergrad dorm,
asked if | wanted to accompany him on a walk to UPS to pick up a package. On the walk there, we talked
about viruses. | asked where viruses came from. He explained that unlike bacteria and eukaryotes, viruses
do not share a common ancestor. | learned that while we had theories for a few types of viruses, the origins
of most were still a complete mystery. When we arrived, the man behind the counter had a bad cough that
worried us.

On the walk back, we discussed whether it was the right decision to send all of the undergrads home.

“‘New evidence is coming out that some people can carry the virus and be asymptomatic. One of these
students could have the virus but not have the symptoms and be sent home to spread it to their family and
community. | think we’re going to be studying whether or not this was the right decision for years.”

There are currently no therapeutic treatments available for 2019-nCoV. However, known mechanistic and
structural information from other coronaviruses, as well as the genetic sequence® and structure of the S
proteinZ® for 2019-nCoV can provide insights for possible treatments. Targeting the S protein is of great
interest because of its critical role in receptor binding and membrane fusion in the initial stages of infections.
Inhibition the receptor-binding domain from binding ACEZ2, inhibition of cleavage by host proteases by
blocking its cleavage sites and inhibition of its conformational change are all potential therapeutic strategies
against the S protein1125, Other critical processes that occur after membrane fusion, such as viral RNA
replication or viral protein expression can be targeted. Viral RNA can be prevented from replicating or
expressing proteins. Critical viral machinery, such as viral proteases, can be inhibited34. Alternatively, host
processes necessary for the spread of a 2019-nCoV infection can be inhibited. Access to ACE2 could be
restricted to prevent virus binding. Since host proteases are critical for the function of the S protein, inhibiting
them could prevent infection®. Similar to SARS-CoV and MERS-CoV'12, 2019-nCoV enter cells through
endocytosis, thus inhibitors of this process may reduce the spread of an infection3536, Many known small
molecules and biological compounds, which address some of these targets, are described below. An
advantage of repurposing existing compounds is that the pharmacokinetics, dosing and side effects are
established34.

Lopinavir is a viral protease inhibitor, which is combined with ritonavir to increase its half-life. Together they
are used to treat HIV, though they have also been tested against coronaviruses. In hon-human primates
infected with MERS-CoV, those treated with lopinavir/ritonavir had less lung damage and milder symptoms
compared to a control group®’. Lopinavir/ritonavir was tested in patients infected with 2019-nCov but did
not seem to offer any improvement38. Patients in this study were critically ill, and coupled with other flaws;
a larger study may be warranted. Note that 2019-nCoV and HIV have different viral proteases thus the
drug’s usefulness is unclear®.

Remdesivir is an antiviral medication currently under clinical trials to treat Ebola virus infections. It is an
adenosine analog, which incorporates into new viral RNA causing premature termination during
replication*®4L, It was given to patients during both the SARS-CoV and MERS-CoV outbreaks. In mice
modified to have human DPP4, those infected with MERS-CoV and treated with remdesivir had less lung
damage and less viral load compared to those that did not receive this treatment*!. In a cell assay,
remdesivir was found to reduce 2019-nCoV viral infections*®. Because it has already been used in humans,



it is known to be safe. In the first US case of 2019-nCoV, the patient was administered remdesivir because
of his worsening condition*2. Fortunately, the patient’'s condition improved but larger trials are needed.

Chloroquine is an anti-malarial and autoimmune disease drug. It may also act as a broad antiviral drug, and
has previously been used against SARS-CoV and MERS-CoV#3; however, its mechanism of action is
unclear. It is weakly basic and thought to interfere with pH dependent processes critical for viruses.
Additionally, it is known to inhibit nanoparticle endocytosis thus, it can be hypothesized that it could interfere
in viral entry by endocytosis. It may also affect the host immune system by reducing the expression of
factors and receptors which may cause acute respiratory distress syndrome, the primary cause of
coronavirus-associated mortality3°. Chloroquine was shown to reduce 2019-nCoV viral infections in cells*°.
The results for humans are less clear. One study showed rapid viral clearance of 2019-nCoV after
administering a derivative hydroxychloroquine with antibiotics; however another found no benefit for
patients infected with 2019-nCoV43.

RNA interference is another possible strategy to combat 2019-nCoV. In RNA interference, a short
interfering RNA (siRNA) strand is synthesized which can block viral gene expression or replication1.24.34, |t
is an attractive choice because RNA of any sequence can be synthesized. RNAs are known which can
inhibit the expression of SARS-CoV structural proteins and machinery related to viral replication, the latter
of which inhibits viral infection and replication?. siRNA was demonstrated to work as an antiviral agent
against SARS-CoV in non-human primates. Primates given siRNA treatment had less severe symptoms
and significantly less lung damage when infected with SARS-CoV compared to those who did not receive
the treatment*4.

Peptides are of interest as they can block processes critical to infection such as the S protein-ACE2
interaction, S protein cleavage and the conformational transition of the S protein'2. Small molecules are
generally not effective at interrupting extended protein-protein interfaces, whereas peptides can*. Using
computational tools and structural knowledge of the 2019-nCoV S protein, a peptide was synthesized which
is able to specifically bind 2019-nCoV receptor-binding domain#>. Such a peptide could hinder the virus
from entering cells. Note that this particular work is preliminary and has not undergone peer review.

Convalescent plasma, blood serum from a patient who has recovered from an infectious disease and rich
with antibodies, has previously been used as a last resort for patients infected with SARS-CoV. Those
patients subsequently had lower mortality rates and shorter hospital stays compared with those that did not
receive this treatment*®. It has also been recommended or suggested as a treatment during the MERS,
Ebola, HIN1 outbreaks#*®47. Five critically ill patients infected with 2019-nCoV who were receiving antiviral
medication and steroids were given convalescent plasma, and these patients’ conditions improved+e. Of
course, this study is limited because it cannot be ascertained whether they would have improved without
receiving the convalescent plasma and how much the other treatments aided.

Unfortunately, it may take several months to years to establish an effective treatment for those infected with
2019-nCoV. While a range of experimental and clinical data is available, much more is needed. Some
antiviral medications are effective in cell cultures but do not subsequently demonstrate therapeutic benefit
in animals®®, cause adverse effects or require very high doses which are not clinically feasible3’.
Additionally, animal models are imperfect, limiting the information from these trials. Infectious disease signs
can be minimal, altered or absent in different animals!!4°. Animals also undergo viral infections at different
rates than humans. Generally, animals used in studies are young whereas most human patients are older.
Finally, many of these viruses are specific for human receptors. For example, MERS-CoV does not replicate
in the respiratory systems of small mammals?223,

March 20, 2020: 272.2k confirmed cases globally

“This just in the number of cases in Massachusetts has climbed to 300, and the first two death related to
COVID-19 have been reported in Vermont. For today’s weather...”



| climb out of bed and shut off the radio. | had almost finished my first week of working from home. For a
change of pace today, | would be going to campus for the first time in almost a week.

In the event of an imminent research shutdown on short notice, the department had given us until this
Friday to wrap up experiments. | was surprised we had made it the whole week without MIT announcing a
total shutdown on research. | was one of the two designated personnel allowed on campus to inspect our
labs during the shutdown, which we expected to start at the end of the day. Because we believed this may
be the last day most of us would be able to access campus, my colleagues decided we ought to do a walk-
though today.

The actual walk through itself was uneventful; no one was particularly trilled to be forced into this situation
in the first place. We walked from lab to lab ensuring that everything was in a state where it could be left
for weeks, but possibly months.

At the end of our inspection, we ran into a lab member finishing up his work. He was desperate to find out
if anyone had any additional information. Unfortunately, we had only hypotheticals, and hoped that we could
resume research, even at a reduced capacity, shortly. One colleague wondered aloud for how long this
could go on; society could only function on lockdown for so long.

To date, there are no vaccines available for any coronavirus. However, several vaccines, including possible
candidates for 2019-nCoV, are currently in clinical trials. Several types of vaccines exist?22435, Their
functionality as well as their progress towards protection against 2019-nCov and other coronaviruses is
described below.

The S protein is of great interest as a vaccine target. It was demonstrated that the S protein is the only
SARS-CoV structural protein to induce an immune response®°. Strains of the virus BHPIV3 were generated
which expressed SARS-CoV S protein or other SARS-CoV structural proteins and were used to infect
hamsters. Animals infected with viruses expressing the SARS-CoV S protein developed antibodies against
SARS-CoV and were subsequently less susceptible to infection by SARS-CoV. In contrast, animals infected
with viruses expressing other SARS-CoV structural proteins did not develop antibodies and did not become
resistant to SARS-CoV?°. Similarly, only the S protein is able to induce antibodies against MERS-CoV?2,

The immunization strategy described above is known as a viral vector-based vaccine. Because of
coronaviruses’ high rate of RNA recombination, attenuated coronaviruses may not be suitable for
vaccines?*®. Viruses with extremely low rates of recombination, such as BHPIV3, can be modified to express
coronavirus proteins. A strain of BHPIV was produced with the gene to express full-length SARS-CoV S
protein. In non-human primates, use of this virus as a vaccine was able to induce the production of
antibodies and protect against SARS-CoV34%, An adenovirus-based vaccine against MERS-CoV was
made by having the virus express the whole MERS-CoV S protein. This vaccine was shown to generate an
immune response in mice®. Two MERS-CoV viral vector-based vaccines are currently in clinical trials?2.
An adenovirus-vectored 2019-nCoV vaccine is currently in developments®.

Virus-like particles (VLP) are nanoscale particles composed of virus structural proteins. VLPs are
considered safe to produce, as no live viruses are needed in their production??. A MERS-CoV VLP
containing S protein trimers has been shown to induce an immune response in mice and cattle?4. A 2019-
nCoV vaccine is currently being developed based on this technology?“.

DNA vaccines can be fabricated which use DNA to encode immunogens to cause a host immune response.
DNA vaccines are attractive because are they easy to produce and inexpensive, as they avoid the us of
virus replication or protein expression and purification??2. A DNA vaccine encoding the SARS S protein was
able to induce an immune response in mice and protect them from SARS-CoV infections®2. A DNA-based
MERS-CoV vaccine is currently in clinical trials?2. A DNA-based vaccine for 2019-nCoV is expected to begin
human trials shortly?4.
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MRNA vaccines better simulate a real infection, and thus induce a stronger immune response. Additionally,
multiple mRNAs can be combined into a single vaccine. mMRNA vaccines encoding full-length S, as well as
S1 and S2 subunits for both SARS-CoV and MERS-CoV have been developed?*. A 2019-nCoV mRNA
vaccine is currently in Phase | clinical trials?4.

Finally, vaccines against coronaviruses can be composed of the full-length S protein or key fragments of it.
A vaccine composed of SARS-CoV S protein trimers was able to produce antibodies and provide significant
protection from SARS-CoV in small mammals®®. For SARS-CoV, S protein subunit vaccines appear to
produce more antibodies and better protection compared to live-attenuated, full-length S protein and DNA-
based S protein vaccines?*. A fragment of the SARS-CoV S protein was able to generate antibodies in
mice and protect them from SARS-CoV infections®4. A peptide vaccine is currently under development for
2019-nCoV?4.

Vaccines against coronaviruses have faced the same hurdles as the development of therapeutics: a lack
of infected patients and large financial barriers®. Prior to use in humans, a vaccine must be tested in non-
human primates, which is extremely costly. Thus, prior experiments must be performed in small mammals,
which have the limitations previously described. While human ACE2 or human DPP4 can be expressed in
small mammals for SARS-CoV and MERS-CoV studies respectively, these modified animals are also
expensive?2, Because of the limited market and huge costs associated, most pharmaceutical companies
are not interested in developing therapeutics and vaccines for SARS-CoV and MERS-CoV1122,

Although there are several vaccines for 2019-nCoV in clinical and pre-clinical trials, the development of
new therapeutics generally takes years. Even with the urgency of the COVID-19 pandemic, the
development, evaluation and production of therapeutics and vaccines could take months or years3435, In
the interim, mitigation measures such as social distancing are being used to reduce the spread of the
virus®s.

Week of March 22

It no longer seems pertinent to include the number of confirmed cases. This week the number of cases
passed half a million and the number of deaths 30000. The number of cases is currently trending
exponentially, so any number | write now will be irrelevant in a few days.

The days seem to blur into one another as | try to adjust to this new normal. The only variation from day to
day seems to be the news from my radio each morning: the hundreds of new cases in Massachusetts each
day, which now total in the thousands, the unemployment numbers eclipsing the previous record, the US
surpassing China for the number of confirmed cases (whether those numbers are to be believed is a
different matter). My only excursions outside are to go for walks through empty streets and trips to the
supermarket where everyone tries their best to keep their distance as we walk by half empty shelves. I'm
slowly getting used to seeing strangers wearing gloves and masks.

| worry most about my mother, if or when she will become infected. She is a doctor at a trauma hospital. A
different hospital has been designated as the city’s COVID-19 center, but they have already reached
capacity. Infected patients are beginning to show up at her hospital, which seems under-equipped. People
still need life-saving operations but most procedures have been scaled back to a minimum. All incoming
patients are tested for COVID-19 unless they are in critical condition, but the medical staff have been told
that the tests are only 70 % accurate. It sounds like the personal protective equipment they've been
provided is inadequate. The government has told them that they only have three to five days worth of masks
and other safety equipment left. What will happen when they run out?

Some people have compared this to war. How all of humanity is fighting a common enemy. What about
after the war? What will it bring? Will leaders use this calamity to tighten their grip on power? Will we see
our freedoms eroded? Will we see worsening economic and social inequality? Or will change be positive?
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Will more people demand greater safety nets and adequate healthcare? Will facing a common enemy
reduce our perceived differences? Will it reshape how we treat and care for each other, especially the most
vulnerable? For now, all we can do is wait.
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