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communication and collaboration. For 
example, if the top five investors who 
come to mind for syndicating a deal are 
all from the same demographic, this 
should be a reminder to proactively  
seek other investors. Similarly, our  
networks influence whom we choose  
to fill board seats, whom we hire as 
C-suite management, and the vendors 
we contract for drug development.  
If your network favors white males,  
that will be reflected across boards, 
management teams and vendors.

Venture also leans on annual  
offsites and elite retreats, such as a 
winter ski or summer golf trip, to build 
relationships. I would like to see more 
firms allocate a specific percentage  
of attendance to racial minorities or 
include a panel discussion on diversity 
at their offsite events. This would  
show a tangible commitment to  
being inclusive.

 4. Engage in mentorship and sponsor-
ship. I was privileged to have tremen-
dous mentors early on in my career, 
many of whom were white men: my 
PhD advisor Larry Steinman at Stan-
ford, James Sabry and Tom Zioncheck 
at Genentech Business Development, 
and trailblazers like Alex Schuth who 
formed cutting-edge companies like 
Denali. I attribute much of where I am 
today to their influence.

Part of the privilege of being a  
seasoned investor is paying forward 
your experience. That includes  
mentoring those who do not look like 
you. This requires a commitment to 
opening doors, allocating time to check 
in and be a sounding board, or simply 
serving as a reference. If you cannot do 
that, consider officially installing at your 

firm a mentorship program designed 
for young minorities. In a perfect world, 
you would do both.

 5. Address education and culture. The 
death of George Floyd has initiated a 
dialogue where, perhaps for the first 
time, discussions are happening at a 
firm-wide level on race, including the 
#blacklivesmatter movement. Although 
it’s a positive step, for institutional 
change to happen these discussions 
need to become integrated into the 
overall long-term strategy, values and 
goals set by venture firms. As investors, 
we push our companies to be transpar-
ent and to set tangible, measurable 
milestones at each round of financing. 
I would like to see a matched commit-
ment from venture firms to set similar 
diversity goals in the makeup of their 
partnerships and portfolio companies, 
and to be transparent about it.

It is also critical to create a culture 
that supports diverse backgrounds. 
This starts with educating ourselves on 
systemic racism and systems of power 
and privilege. Individuals with the 
best intentions are still working within 
systems that are not designed to be in-
clusive. Self-education is important for 
understanding how institutional racism 
works. Only when firms are educated 
can they put in place structures and 
a language with which to discuss the 
subconscious biases that play out in real 
time. Recommended reading includes 
White Fragility: Why It’s So Hard for 
White People to Talk about Racism by 
Robin DiAngelo, When Affirmative 
Action Was White: An Untold History of 
Racial Inequality in Twentieth-Century 
America by Ira Katznelson and Redefin-
ing Realness by Janet Mock.

call to action
I have hesitated to write and speak  
publicly on this issue because I feared  
I would be judged or discounted as not  
yet a seasoned investor or that I would 
alienate my white colleagues. But I am 
compelled to add my perspective because 
change is desperately needed, particularly 
in biotech VC. I was driven to become a 
biotech investor because of its ability to 
influence innovation. We are a regenerative 
force in this industry, responsible for 
funding the best ideas translational  
research brings forth. Given this power,  
we are particularly well poised to  
influence biotech diversity across several 
critical touchpoints, and it is imperative  
that we apply this notion of personal  
responsibility to create change in our 
venture community.

So while the world is navigating a 
confluence of events that highlight the racial 
inequalities that are still present today, I am 
reminded of the dues my father paid so that 
I would have opportunities that were not 
realized in his lifetime. That is progress. But 
it is not enough. How we choose to respond 
to this moment and the actions we take will 
reveal the content of our character beyond 
the color of our skin. ❐
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Scalable and robust SARS-CoV-2 testing in an 
academic center
To the Editor — The emergence of 
the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2)1–3 has led to a 
pandemic infecting more than seven million 
people worldwide in less than six months, 
posing a major threat to healthcare systems. 
This is compounded by the shortage of 
available tests, resulting in limited staff 
testing programs, causing numerous 
healthcare workers to unnecessarily 
self-isolate. Here, we provide a roadmap to 
show how a European research institute can 

be repurposed in the midst of this crisis,  
in collaboration with partner hospitals 
and an established diagnostic laboratory, 
harnessing existing expertise in virus 
handling, robotics, molecular testing 
and informatics to derive a rapid, 
high-throughput diagnostic testing pipeline 
for detecting SARS-CoV-2 in individuals 
with suspected COVID-19.

Comprehensive and reliable testing is 
essential to identify the virus in individuals 
presenting with and without COVID-19 

symptoms in hospital, to guide community 
interventions that contain the spread, 
and to perform enhanced surveillance of 
healthcare workers to maintain a workforce 
to safely deliver care. These requirements 
have placed an unprecedented demand on 
the testing capability of all countries. This 
demand on diagnostic laboratories, coupled 
with a global shortage of commercial kits 
and reagents, reduced commercial flights 
and cargo capacity, and international 
competition for testing resource, has 
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rendered the testing capacity of many 
countries inadequate to deal with the 
outbreak effectively.

The pipeline we created is used to detect 
SARS-CoV-2 from combined nose–throat 
swabs and endotracheal secretions or 
bronchoalveolar lavage fluid. Notably, it 
relies on a series of in-house buffers for 
viral inactivation and the extraction of viral 
RNA, thereby reducing the dependency 
on commercial suppliers at times of global 
shortage. We use a commercial reverse 
transcription–PCR (RT-PCR) assay, from 
Shenzhen-headquartered BGI, and report 
the results using a custom online web 
application that integrates with the national 
healthcare digital system. This strategy 
allows the remote reporting of thousands of 
samples a day in around 24 hours, universally 
applicable to laboratories worldwide.

The Francis Crick Institute (the 
Crick) is a biomedical research institute 
dedicated to the discovery of biology 
underlying human health. Situated in 
central London, an epicenter of the UK 
pandemic, the Crick elected to repurpose 
its scientific and technical resources to 
support the immediate healthcare needs 
of its partner hospital, University College 
London Hospitals National Health Service 
Foundation Trust (UCLH), during the 
outbreak. Providing an end-to-end pipeline 
for clinical diagnostic testing of COVID-19, 
it would increase testing capacity to  
meet local demand and allow new 
surveillance programs for healthcare 
workers to be implemented.

Key to finding a solution was the 
partnership created between the Crick; 
UCLH, a major London healthcare provider 
with clinical virology expertise; and 
Health Services Laboratories (HSL), a UK 
Accreditation Service (UKAS)-recognized 
clinical diagnostic laboratory. Together these 
comprise the Crick COVID-19 Consortium 
(CCC). This partnership effectively removed 
the barriers to clinical translation and 
facilitated rapid implementation of robust 
end-to-end testing within ten days under 
the oversight of an accredited laboratory. 
Importantly, it also allowed resources and 
expertise to be mobilized to meet local 
healthcare needs (Supplementary Table 1).

A notable strength of the CCC pipeline 
is that it allows the testing of a wide variety 
of swabs that can be either dry or in any 
proprietary virus transport medium. 
These are taken at hospital sites or local 
drive-through stations and submitted to HSL 
before being transferred to the Crick. Upon 
arrival, specimens are barcode tracked, then 
proceed immediately to viral inactivation, 
automated extraction of viral RNA, and 
RT-PCR to quantify SARS-CoV-2 RNA. 

Results are accessed through a custom-made 
online web portal, facilitating the remote 
analysis of data by a panel of trained 
reporters, and are returned to the reference 
laboratory. The speed and precision of the 
pipeline permits the reporting of thousands 
of samples a day, adopts processes that are 
widely used by many research laboratories 
worldwide, and is free from dependence on 
supply-chain constraints.

Given the urgent, two-week timeframe 
set to implement SARS-CoV-2 testing, it 
was not possible to secure clinical laboratory 
accreditation for the Crick to an appropriate 
standard, International Organization for 
Standardization (ISO) 15189:2012, and the 
equivalent College of American Pathologists 
(CAP) and Clinical Laboratory Improvement 
Amendments (CLIA) accreditation. As an 
alternative, the Crick took steps to ensure 
that the CCC test was evaluated, verified 
and performed for diagnostic use in an 
environment that adhered to equivalent 
international standards.

The Crick is partnering with HSL to 
provide diagnostic PCR testing to UCLH 
and other National Health Service (NHS) 
Trust customers of HSL. All HSL services 
are compliant with the UK Human Tissue 
Authority (HTA) and UK Medicines and 
Healthcare Products Regulatory Agency 
(MHRA) regulatory requirements, where 
appropriate. The Crick worked with  
HSL — which already had a clinically 
validated COVID-19 RT-PCR test  
against the SARS-CoV-2 nucleocapsid  
(N) gene — to ensure that the research 
institute’s RT-PCR test against the 
SARS-CoV-2 ORF1a gene was properly 
audited and validated. Samples have been 
regularly exchanged with HSL, and the  
Crick laboratory has tested an external  
panel of samples from the UK National 
External Quality Assessment Service  
(UK NEQAS) and confirmed that the 
results are in accordance with UK NEQAS. 
The Crick laboratory is also undertaking 
environmental surveillance of pipeline areas.

Advice and oversight was also sought 
from registered professionals from 
existing nearby UKAS-accredited medical 
laboratories: HSL (UKAS 10204); Royal 
Marsden Hospital and North Thames 
Genomic Laboratory Hub (UKAS 9839); 
Great Ormond Street Hospital, North 
East Thames Regional Genetics Lab and 
North Thames Genomic Lab Hub (UKAS 
7883); Institute of Neurology (UKAS 8045); 
and an approved UKAS inspector. CCC 
protocols were either written on demand 
or based on existing institutional protocols 
to ensure clinical-grade testing at the 
Crick. Guidance from these professionals 
assisted the compiling of clinical diagnostic 

standard operating procedures (SOP) 
for every stage of the pipeline, including 
implementing checklists and risk-mitigation 
steps alongside the methods. Additional 
SOPs were followed for sample storage, 
disposal of materials, batch certification of 
reagents and incident reporting. Appropriate 
risk assessments, training and competency 
assessment procedures were established and 
documented. Record sheets were created 
to document the receipt, batch acceptance 
testing, and start- and end-of-use dates for 
key reagents and consumables. An inventory 
of all key equipment was compiled that, 
where appropriate, included details of 
service and calibration records. Systems 
were established for the control of all key 
documents (version implementation, 
distribution and acknowledgement), audit 
trail (what samples were tested when, by 
whom, with what equipment and using 
which consumable or reagent batches), 
and a record of all incidents and issues 
(to facilitate appropriate investigation, 
rectification and recurrence prevention).

Assurance of the pipeline was performed 
in collaboration with quality assessment 
provider Genomic Quality Assessment 
(GenQA; https://www.genqa.org/), 
following their checklist for non-accredited 
laboratories. The lab and CCC workflow 
were inspected by a qualified UKAS assessor 
against the GenQA guidelines to verify 
compliance to IS015189 equivalent standard.

To ensure full traceability, samples were 
barcoded and all processes were recorded 
using Clarity LIMS software (Illumina). 
UCLH provided access to barcoded swabs 
prebooked onto the Crick’s laboratory 
information management system (LIMS) to 
enable tracking from sample receipt through 
to result reporting. In urgent response 
to the clinical need, formation of these 
partnerships was vital to driving the speed of 
pipeline setup in the Crick’s central London 
research laboratory. All key documents 
are available at https://www.crick.ac.uk/
research/covid-19/covid19-consortium.

The CCC pipeline is illustrated in Fig. 1.  
The specific reagents and requirements for 
each step of the entire pipeline—sample 
receipt, virus inactivation, RNA extraction, 
RT-PCR assay for the ORF1a gene, data 
quality assessment, online web reporting, 
barcode sample tracking — are available  
at protocols.io4.

In response to potential shortages of 
supplies, we forecast demand, ordered 
reagents in large batches, used in-house 
buffers wherever possible, and established an 
in-house N gene assay as a contingency plan.

Several amendments to procedures 
were implemented to ensure the CCC test 
performed robustly at the Crick. Although 
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the Crick performed viral inactivation in 
a Containment Level 3 suite with trained 
staff, other research laboratories with only 
Containment Level 2 facilities may be able 
to adapt the CCC test model, provided that 
appropriate risk assessments are carried out 
or swabs are inactivated before transport. 
A Containment Level 2 procedure is also 
provided with our protocols. Moreover, 
other protocols also exist for alternative 
viral-inactivation methods using heat, 
further demonstrating the potential for CCC 
pipeline applicability where availability of 
guanidinium may be limited.

Another adaptation made in the CCC 
test is to use a series of homemade buffers 
for automated RNA extraction, which 
circumvents dependence on reagents that 
may be in short supply during a pandemic. 
At the time of writing, the most important 
bottleneck in performing PCR tests for 
COVID-19 detection is the shortage of 
kits for RNA extraction. We developed an 
in-house RNA extraction protocol using 
magnetic silica beads from G-Biosciences, 
and we have also validated our assay with 
SeraSil Mag 400 beads (GE Healthcare/
Cytiva), which can serve as a reliable 
substitute. RNA extraction using silica 

beads is based on the protocol developed 
by Boom et al.5 over 30 years ago. In the 
Boom method, concentrated guanidinium 
thiocyanate serves as virus and RNase 
inactivation agent and promotes binding 
of nucleic acids to silica. We have tested 
RNAclean XP SPRI magnetic beads 
(Beckman) and found them compatible with 
our virus inactivation solution; viral RNA 
could be purified following manufacturer’s 
recommendations. Moreover, protocols 
exist for the production of either type of 
magnetic beads from inexpensive and 
accessible starting materials6. Therefore, 
we designed a pipeline that uses common 
reagents and is automatable on widely 
available liquid-handling platforms, allowing 
its implementation in a large number 
of biomedical laboratories with suitable 
robotic platforms that can be reprogrammed 
for this use. The reagents can also be 
used for manual RNA extraction where 
liquid-handling platforms are unavailable. 
The universal applicability of this approach 
could allow a resilient response to future 
critical events, even in countries where 
particular resources may be limited.

Selection of an appropriate PCR 
assay for detection of SARS-CoV-2, the 

BGI kit, was based on (i) our accredited 
laboratory having a ready set of validation 
data and experience with the assay, which 
has a US Food and Drug Administration 
Emergency Use Authorization, and (ii) 
a guaranteed supply chain for the assay 
kit in the face of falling demand in China 
and growing demand in the United States 
(for US suppliers). The primers used in 
the CCC test target SARS-CoV-2 ORF1a, 
enabling detection of full-length genomic 
and antigenomic RNA, whereas the N 
gene assay also targets the abundant 
subgenomic RNAs. With many mutations 
having been reported in the ORF1 region 
of SARS-CoV-2, it was paramount to 
adequately assess false-positive and 
false-negative rates. The verification steps 
of the CCC pipeline allowed us to compare 
the BGI kit with the in-house developed N 
gene assay. Overall, the diagnostic sensitivity 
of the CCC test is 92.86%, with a specificity 
of 100% (based on a small sample set of 
specimens from patients infected with 
other seasonal respiratory viruses) and a 
high degree of accuracy in the detection of 
SARS-CoV-2. The N gene assay is slightly 
more sensitive than the CCC assay at the 
limits of detection. When performed in 
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duplicate, we observed a discordant rate 
of 1.1% (95 of 8,433 samples). To improve 
the accuracy of true positive reporting and 
reduce the chance of reporting false positive 
tests, the assay is performed in duplicate 
and discordant samples are recommended 
for retesting at the source (see “Additional 
Information for Scalable and Robust 
SARS-CoV-2 Testing in an Academic 
Center” on Figshare)7.

As sample timing and adequacy are 
likely to be more important determinants 
of false negatives than quantitative PCR 
sensitivity8, we have chosen a test that also 
includes a control for cellular RNA (β-actin), 
which serves as a partial proxy for sample 
adequacy. Although high sensitivity at 
the assays limits of detection could affect 
identification of low levels of viral shedding 
beyond the assay’s limits of detection, 
these samples are unlikely to be producing 
infectious virus9. BGI PCR therefore exhibits 
adequate sensitivity for current clinical 
algorithms, in which testing for symptomatic 
healthcare workers is performed within a 
specific timeframe.

The high-throughput RT-PCR assay 
carried out at the Crick in 96-well plate 
format has the potential to screen thousands 
of samples per day and can be scaled up to 
384-well format with further optimization. 
Since inception of the CCC, we have 
performed over 30,000 tests as of 12 June 
2020, starting with one batch of 39 samples 
on the first day of live testing and scaling up 
to around 500–1,000 samples per day. The 
turnover of 1,000 samples/day is delivered on 
a pipeline operated by 44 members of Crick 
scientific staff working a 10-h (staggered) 
shift. Competency training was conducted 
for staff to work on virus inactivation, RNA 
extraction, RT-PCR and result reporting. 
This is far less than our maximum capacity 
for CCC testing, and throughput is limited 
by logistic and operational considerations 
within the community and partner hospitals 
(for example, local swabbing capacity) and 
national guidelines. Our partner laboratory 
HSL has capacity for 1,000–1,250 samples 
per day, but owing to limitations on supply 
chain, their testing is reserved for hospital 
inpatients. By contrast, the CCC pipeline 
created capacity to test a new population that 
had hitherto been unable to access testing: 
asymptomatic and symptomatic healthcare 
workers and self-isolating key workers. 
Indeed, we now provide the healthcare 
worker testing for UCLH NHS Trust and 
North Central London Hospitals. We believe 
that this approach fulfilled a critical gap  
in the existing testing infrastructure,  
and one that has a major impact on the  
safe delivery of healthcare during the 
COVID-19 pandemic.

To establish the CCC pipeline at the 
Crick, we took Containment Level 3 
equipment, liquid-handling platforms and 
RT-PCR instruments that were available 
in our institute and repurposed them 
for COVID-19 testing. The barcoding 
equipment and tool tracker were already 
used with our LIMS system. Only a limited 
amount of extra protective equipment 
was procured for buffer preparation, and 
the pipeline can be potentially scaled up 
further with minimal extra equipment. 
A rate-limiting step preventing the CCC 
pipeline from proceeding at full capacity is 
the global availability of swabs. Additional 
testing regimens are being considered  
that would circumvent the dependency  
on viral swabs.

Medical laboratory accreditation is 
held to the standard of ISO 15189:2012 
across the world, with the exception of 
the United States, which operates to CLIA 
certification and CAP accreditation. 
Laboratories are assessed for compliance to 
ISO or CLIA/CAP standard by a national 
awarding body; in the case of the United 
Kingdom this body is UKAS. Although 
the process of acquiring accreditation and 
the typical assessment time span and rules 
for extending existing ISO or CLIA/CAP 
scope to partnering institutions will vary 
between countries, any research institution 
seeking to establish clinical testing should 
seek clinical accreditation wherever 
possible. While pursuing this process, our 
approach has been to implement processes 
in line with international accreditation 
standards, and those processes remain 
under the supervision of our partner 
accredited laboratory (HSL). We have also 
regularly sought advice from GenQA and 
are in the process of implementing their 
recommendations in an agreed timeframe  
to comply with the standards required to 
meet ISO15189.

Health information systems, such as 
the EPIC electronic medical records used 
at UCLH, interface with LIMS, such as 
WinPath, to enable sample barcodes to be 
associated with patient hospital numbers. 
The pipeline set up at the Crick uses a 
custom-made reporting web application 
compatible with remote reporting. This 
allows multiple trained reporters to access 
anonymized data through a portal from 
home, which is particularly advantageous in 
a pandemic. As a result, the CCC pipeline 
is capable of an accelerated turnaround 
for results of 2,500–3,000 samples in 
approximately 24 h.

The potential advantages of 
implementing a clinical diagnostic pipeline 
in research laboratories are clear: a 
substantial increase in capacity for testing 

and the ability to adopt flexible and agile 
approaches to testing in the face of global 
constraints. Our experience at the Crick 
in implementing mass-scale testing in the 
CCC has taught us invaluable lessons for the 
wider academic community: first, diagnostic 
testing to clinical standards can be 
successfully achieved through partnership 
and guidance from a clinical diagnostic 
laboratory; second, the choice of techniques 
and approaches should be adapted to 
local resources and staff expertise, already 
existing within a research laboratory; and 
third, the scale and implementation  
of testing should be aligned with the 
healthcare needs and demands of the  
local population. ❐

Editorial note: This article has been peer 
reviewed.
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