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Numerous factors, such as genetics, medical history, environment, and lifestyle
contribute to patient responses to disease conditions. Approaches in precision medicine
focus on examining disease in the context of overall patient health, so that prevention and
effectively tailored treatments result in improved outcomes. This thesis describes
investigations of disease characterization and tool development geared towards uses in

precision medicine.

The COVID-19 pandemic has opened new avenues of investigation for the scientific
community. The most important of which is understanding why patients have such diverse
responses to infection. Here, we develop an M13-bacteriophage display-based screening
platform to understand how antibody responses play a role in foreshadowing and driving
disease severity in a subset of patients. We further characterize disease response in the
context of co-morbidities and viral infection history and find that both factors can negatively
impact disease severity in patients with a specific antibody response. Additionally,
sensitivity of these patients to rising levels of cytokines suggest specific routes of pre-

emptive treatments that may be beneficial. We, additionally, develop a platform for rapid (<5

Xiv



mins) point-of-care detection, which can be used to assist in multi-analyte testing or in

urgent triaging.

Precision medicine is also important in addressing changes in disease response over
time. Real-time automated monitoring of disease markers can help improve disease
management and reduce adverse side effects. Using techniques in protein engineering, we
harness the specific binding interactions of native proteins to develop biosensors for
managing highly dynamic disease conditions. Firstly, we engineer the human insulin
receptor towards developing an optical insulin biosensor to improve automated type-1-
diabetes disease management. The investigation focuses on the development of soluble,
compactinsulin-binding variants. We further test various assay designs for detecting insulin-
dependent optical signaling. Secondly, we engineer a photo-stable version of a previously
developed FRET-based calcium sensor, Twitch 2B. The new version of this sensor
demonstrates improved stability and performance within an optical-fiber-based implantable
device. Such a sensor can be applied to early diagnosis of hypocalcemia during blood

transfusions.

Taken together, these investigations explore a wide range of protein engineering
techniques across multiple expression platforms. By harnessing native protein-protein
interactions, we build prognostic and disease management tools that can contribute to
advancing the field of precision medicine. Additionally, we develop optical detection
platforms and rapid antibody screening methods that can be used to dynamically monitor

and explore crucial molecular interactions in disease.
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CHAPTER 1

Antibody-dependent regulation of COVID-19 disease outcomes

1.1 Abstract

COVID-19 patients present a broad range of disease outcomes. Emerging investigations of
COVID-19 antibody (Ab) profiles and their downstream Fc-receptor functions provide
insights into the underlying mechanisms that can help predict and treat severe disease. This
review, discusses the various aspects of COVID-19 Ab regulation and the molecular
mechanisms that lead to severe disease. Specifically, Ab neutralization capacity, epitope-
selection, immunological history, and the regulation of Ab subclasses, titer, timing and post-
translational modifications are examined here. The combined effect of multiple factors are
thought to tip the balance in favor of either protection or deregulation, thereby resulting in
diverse outcomes ranging from asymptomatic to fatal. Additionally, we examine the role of
Abs in characterizing disease pathways and predicting outcomes towards goals of early

intervention and treatment.

1.2 Introduction

The COVID-19 pandemic has infected over 211 million people and led to the deaths
of over 4.4 million globally, as of August 20, 2021 The virus responsible for the disease,
SARS-CoV-2, belongs to the Orthocoronaviridae family of enveloped, single-stranded,
positive-sense RNA viruses that cause respiratory, enteric, and systemic diseases in humans
and animals. SARS-CoV-2 is the most virulent of the three highly pathogenic human-host
coronaviruses. The other two include the severe acute respiratory syndrome (SARS) and the

Middle East respiratory syndrome (MERS), which led to the 2002-2003 pandemic and 2012



epidemic, respectively. All three virulent strains belong to the subfamily of
Betacoronaviruses. Other highly prevalent and less virulent human CoVs (hCoVs) include the
Betacoronaviruses HKU-1 and 0C43 and Alphacoronavirus 229E and NL632. These hCoVs
range in amino acid sequence similarity to each other, with SARS being the most homologous
to SARS-CoV-23. The collective understanding of hCoV infection can help determine roles of
immune cross-talk from previous hCoVs exposures and identify pathways that are unique to
SARS-CoV-2.

Compared to other hCoV infections, SARS-CoV-2-infected patients present with a dramatic
range of symptoms. Investigations comparing disease severity loosely categorize patients
into groups of asymptomatic, mild, moderate, and severe*-6. Approximately 40-45% of the
patient population are asymptomatic after infection’?, while another 40% of patients
presented with an array of mild symptoms such as anosmia, diarrhea, and symptoms akin to
the common cold, requiring no medical care or out-patient only care. About 15% of patients
are hospitalized due to moderate systems including respiratory distress, pneumonia, cardiac
arrhythmia, blood clotting, liver and kidney distress. An additional 5% of patients are
severely ill and develop further exacerbated disease symptoms over time. These critically ill
patients commonly present with acute respiratory distress syndrome (ARDS) or organ
failure, requiring ICU or intubated ventilator assistance8. While certain factors and co-
morbidities, such as age, sex, chronic inflammation, and metabolic disease, and cancers have
been associated with increased risk of severe disease -12, they are insufficient in predicting

disease outcomes and the mechanisms underlying their influence are not yet known 1314,



Elucidation of molecular mechanisms involved in driving disease outcomes can highlight the

importance of SARS-CoV-2 antibodies (Abs) in mediating disease outcomes 4-6:15-18,

Stages of severity Symptoms

L Asymptomatic  None
Neutralization Antigen-binding regions ymp

‘ variable )
Immunological - ( ) ,/

memory Mild
Immune Hospitalization/ ICU
coordination Respitatory, other
_ Moderate organ distress,
Post-translational Fc region blood clotting,
modifications pheumonia
Severe Intubation/ death

ARDS, organ failure

Figure 1-1. Factors impacting Ab-dependent immune regulation of COVID-19.
Schematic represents the structure of an anti-SARS-CoV-2 Ab. Variable regions of the Ab are
shown in light gray and constant regions are shown in dark gray (Middle). Factors that are
dependent on antigen-Ab interactions via the variable domain (light gray box) and the Fc
domain (dark grey box) are depicted on the left. Evidence shows that these factors influence
Ab-dependent immune responses to SARS-CoV-2 and underlie the many diverse symptoms
and outcomes observed in patients*-615-18, Variability in disease outcomes is depicted on the
right.

Like SARS, SARS-CoV-2 initiates viral entry by engaging the human ACE2 receptor
using its spike surface glycoprotein (S). Abs that disrupt this host-virus interaction are
termed neutralizing Abs (nAbs) and can protect against infections. The potential for direct
protection by nAbs has resulted in the rapid development of neutralizing monoclonal Abs
(mAbs) that target the S protein. There are currently six mAbs in the U.S., South Korean and
Indian markets, with several in phase I1/III trials!®. While only the variable complement
determining regions (CDRs) of the Ab are required for viral neutralization, the antigen-Ab

complex also promotes binding interactions with the Abs’ constant Fc region and Fc-

receptors. Such Fc-receptor activation triggers downstream immune mechanisms that are



necessary for elimination of the virus and infected cell ©20-22, Together with Cytotoxic T
lymphocytes (CTL) responses, coordinated efforts between neutralization and Fc -mediated
functions are important in protecting against viral disease. Deregulation of these pathways,

however, can result in hyperinflammation and increased disease severity?23-25,

Both neutralizing and non-neutralizing Abs activate Fc-mediated immune responses
and have been shown to have both protective222627 and detrimental*>17.21 effects on patient
outcomes. While neutralization capacity can explain some components of COVID-19 disease
response, recently investigations identify the importance of Ab characteristics beyond
neutralization. In this review, we explore the different aspects Ab-mediated regulation that

are implicated in COVID-19 and drive diverse disease outcomes (Figure 1-1).

1.3 The Role of Neutralization in Disease Outcomes

Neutralization is the most direct pathway to inhibit viral infection and epitope-
selection plays a very important role. All neutralizing Abs have been shown to target
epitopes on the S protein28. The receptor binding domain (RBD) of the S protein directly
contacts the ACE2 receptor on host cells and comprises the epitope for 90% of all known
nAbs against SARS-CoV-228, The functional S protein exists as a trimer, with the RBD between
two disulfide forming cysteines (C336 and C525) (Figure 1-2B). A short linear region within
the RBD, termed the receptor binding motif (RBM), contains the majority of residues that
contact ACE2. Structural analysis of RBD and nAb interactions identify five binding
clusters?. While some of these residues directly outcompete ACE2 binding, others inhibit
receptor binding by destabilizing the prefusion conformation of the S protein or by causing

steric hindrance through virion aggregation (Figure 1-2). Interestingly, due to the increased



sequence diversity in the RBM of SARS-CoV-2 and SARS-CoV-1, cross-reactive nAbs often
target regions outside the RBM resulting in allosteric binding interactions 3031 32,33,

With new variants spreading within populations34-37, the generation of Abs that
target regions outside the RBM or at multiple neutralizing regions of S protein are more
likely to effectively protect against viral infection. Niu et al. report that four Abs targeting
different binding clusters could simultaneously bind a single RBD?2°. The additional steric
hindrance provided by the same Ab binding different RBDs within a S trimer makes a strong
case for polyclonal or multiple mAb cocktail treatments, and highlights the importance of
neutralizing Ab diversity early in infection. Currently, the REGN-COV2’s mAb cocktail,
authorized for emergency use by the FDA, contains two recombinant Abs, REGN10933 and
REGN10987 thatbind two different clusters on the RBD. While effective treatments, different
COVID-19 strains have been shown to escape neutralization by either one or both of the
Regeneron Abs223839 Though the prevalence of those strains are low (0.1-0.3% of
sequences), identifying epitopes, binding competition, and mechanisms of nAbs can aid in
the development of multi-target therapies effective against a wider set of current and future

COVID-19 strains.
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Figure 1-2. Neutralization can protect against SARS-CoV-2 infection. A. Schematic
representation of the SARS-CoV-2 virus depicting its four structural proteins. The surface
glycoprotein spike (S), exists as a trimer and is targeted by antibodies for neutralization. Abs
target the SARS-CoV-2 proteins, nucleocapsid (N), membrane (M) and envelope (E). B. The
spike (S) protein the surface glycoprotein that consists of two main domains the S1 and S2
and exists stably as a prefusion trimer conformation (PDB: 6VXX). The S1 domain contains
the receptor binding domain (RBD), shown in blue. C. The RBD directly engages the human
host cell receptor ACE-2, and its conformation changes to permit cell fusion and viral entry
into the host cells*0. D. Abs that bind the S protein and hinder its interactions with the ACE2
receptor are called neutralization Abs (nAbs). While the RBD contains the majority of
neutralization targeted sites, other sites can allosterically hinder ACE-2 binding or inhibit
cell fusion. Sites targeted outside the RBD for neutralization ¢17:41.42 are depicted in yellow in
panel B.

While investigations of nAbs have primarily focused on the RBD, nAbs can also inhibit
viral entry by targeting regions outside the S1 domain, like the stem loop region in the S2

domain®324344, A second non-RBD neutralization region resides in cleavage site at the S1/S2

junction targeted by the endoprotease, furin 4142, Abs that target furin cleavage sites are



likely to block access to the endoprotease and prevent the cleavage necessary for S protein
conformational change and subsequent viral entry#>. Regions outside the RBD are more
highly conserved amongst hCoVs, and the S2 protein greater conserved regions than S146
(Figure 1-2B). Therefore, neutralizating Abs targeting conserved regions are less likely to be
mutated in new variants.

Interestingly, however, nAbs targeting a region just upstream of the furin cleavage
site and downstream of the RBD, at residues 553-579 (Figure 1-2B) are associated with
increased disease severity®l’. The observation indicates that neutralization alone is not
always sufficient to ensure disease protection. This association further suggests that Ab-
mediated immune pathways and outcomes both protective and detrimental may be epitope-
specific. The presence of high titers of neutralizing aS Abs in severe disease has been
confirmed in numerous studies to-date®2147, suggesting that high neutralization potency
rather than titers of nAbs is correlated with increased survival?l. While nAbs can have both
neutralization and Fc-mediated functions, the neutralizing functions of SAR-CoV-2 Abs are
the primary means of prophylactic and early infection protection before viral peak
replication?’. However, beyond viral peak replication, Fc effector functions can be more
important in mediating disease outcomes?”’.

Since Fc-mediated effector functions can be activated, or deregulated, independent of
Ab neutralization capabilities, the high titers of nAbs in severe disease are likely employed
for Fc-dependent activities. Non-neutralizing Abs are typically categorized as non-
protective, not only due to their lack of neutralization capabilities, but also because they have
been associated with Ab-dependent disease enhancement (ADE)#4. ADE is a phenomenon in

which antigen and non-neutralizing Abs engage with FcRs to promote live virus



internalization, leading to enhanced viral infection and hyperactivation of the complement
system. First reported by Hawkes*8 in 1964, ADE has been described in many viral infections
including HIV, Dengue fever, respiratory syncytial virus (RSV), and Zika virus?23-25, Hallmarks
of ADE have been observed in coronaviruses, including SARS and MERS, and literature has
suggested, though not proven, that ADE may be of concern in COVID-19 444950, High titers of
non-neutralizing Abs to anti-nucleocapsid (aN) Abs, especially Abs targeting the epitopes in
the RNA binding region 152-172, have been associated with increased disease severity. In
contrast, non-neutralizing aSARS-CoV-2 Abs have also been shown to confer disease
protection by activating Ab-dependent cellular cytotoxicity (ADCC). ADCC is a process in
which FcR activation on immune effector cells programs them to target and kill virally
infected cells?2. Such protection by non-neutralizing Abs has also been observed in HIV>5152
Ebola%3 and Influenzas4>55, With both neutralizing and non-neutralizing Abs associated with
disease severity and protection. Exploring what factors that determine different immune
pathways in different disease outcomes may help better predict, categorize and treat disease
symptoms.
1.4 The Role of Inmunological Memory in COVID-19 Progression

In addition to de novo epitope selection by Abs for the purposes of viral neutralization,
Abs may target specific epitopes on a new pathogen due to its previous exposure to a similar
antigen. Increasing evidence suggests that such immunological memory shapes Ab
repertoire in response to SARS-CoV-2 and may influence disease outcomes>¢. Antigenic
imprinting (AIM) is a phenomenon in which memory B-cells (MBCs) generated against
antigens from a primary infection are re-propagated in response to a new and similar, but

not identical, infection with homologous antigens>’ (Figure 1-3).
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Figure 1-3. Antigenic Imprinting (AIM) can result in protective and detrimental
effects. The schematic represents the phenomenon of antigenic imprinting (AIM). AIM
occurs when antibodies generated against a previous infection are boosted in response to a
new similar, but notidentical pathogen. If the imprinted Abs are potently neutralizing (nAbs)
then AIM can be protective by preventing viral entry and subsequent infection®8. If, however,
the initial boost of IgG is too robust (high titers), it can instead lead to a loss of immune
coordination and cause inflammation-related severe disease. Continued affinity maturation
of memory B-cells (MBCs) from previous disease exposures can outcompete new Abs,
thereby inhibiting the generation of specific, protective Abs®°. The balance between
protective (light pink) and harmful mechanisms (dark red) may determine disease
outcomes.

Outcomes of AIM can vary depending on whether the imprinted Abs can effectively
neutralize the new pathogen. Ideally, AIM can generate an early mature humoral response
resulting in rapid viral clearance. However, if viral neutralization is ineffective, AIM can be
detrimental. Abs complexed with non-neutralized virus can aid in live viral internalization
into host immune cells via the Abs’ interactions with FcRs. Subsequent increases in viral
burden and activation of hyper-inflammatory pathways can result; the particularly dire

outcomes are termed as ADE2457, Additionally, AIM can hinder the de novo generation of Abs



specific for the new pathogen through outcompeting new Abs at the germinal center by high-
affinity binding imprinting B cells®® (Figure 1-3). Therefore, identifying epitopes and
neutralization capability of Abs that target them is particularly important in the context of
AIM. The hallmarks of AIM include 1) a high prevalence of memory B-cells (MBCs), 2) an
early upregulation of affinity-matured Abs such as IgG and IgM 3) the prevalence of cross-
reactive Abs with a pre-exposed pathogen185860, In cases where the outcome is detrimental,
complement activation, cytokine storm markers, or high viral titers are also indicative of
AIM-induced ADE>7.

Studies suggest that previous exposure to endemic hCoVs can improve disease
outcomes via early upregulation of cross-reactive, neutralizing IgGs against conserved
regions of SARS-CoV-261, Epitope cross-reactivity analyses identify the S2 stem helix loop
region as a vulnerable site for hCoV Ab cross-reactivity326162, Upregulated levels of cross-
reactive Abs to this region and memory B-cells from endemic hCoVs were observed in SARS-
CoV-2 convalescent individuals, suggesting a possible protective role®3. It is thought that
these cross-reactive Abs originated from either HKU-1 or OC43 and has been shown to
induce activity of Fc-mediated activation of receptors, FcyR2A and FcyR2B®63. Similarly,
SARS-COV-2 patients were also shown to upregulate Abs cross-reactive with 0C43, targeting
the S2 furin cleavage site32, though the impact of these Abs on disease severity is not yet
known. Cross-reactive Abs for the S2 epitopes were only present at low prevalence and low
titers in pre-pandemic individuals, suggesting that the memory B-cell in serum likely boost

the original Abs against endemic infections upon encountering SARS-CoV-2.

While some cross-reactive Abs from pre-pandemic individuals have benign effects

against SARS-CoV-2, others suggest a role in disease enhancement®4. Several hallmarks of

10



AIM have been observed in COVID-19 patients with severe disease. Firstly, several studies
report higher levels of aS and aN IgG titers and low viral load in severity impacted patients
relative to patients with mild disease, within the first two weeks post-symptom onset
(PS0O)%5-68, Conversely, severity has also been associated with high viral titers, suggesting
different severe disease pathways®?-71. These high Abs titers are upregulated early after the
onset of symptoms, within the first week, and have been shown to persist for up to 40 days72.
Secondly, B-cell profile analyses demonstrated that patients with severe disease have
greater MBC responses against the S protein and ORF8¢8. Boosted levels of MBCs were also
shown to have a greater affinity for hCoV antigens, providing strong evidence that the Abs
originated from a previous exposure to endemic hCoVs infections>?. A similar boost is
observed for aORF1 Abs in COVID-19 patients pre-exposed to endemic hCoVs32, The
mechanisms governing when antigenic imprinting can be protective or detrimental in SARS-
CoV-2 infections are still unclear. However, some studies suggest that early upregulation of
these previously generated (or “backboosted”) Abs may play a role in deregulating Fc-
receptor functions and lead to disease severity. This topic will be discussed in the following
section 459, Therefore, the balance between the protective effects of Ab neutralization and
the harmful effects of high Ab titers and inhibited de novo Ab generation could determine

the overall impact of specific AIM Abs on disease outcomes (Figure 3-1).

While related coronaviruses have been the main focus for examining Ab cross-
reactivity, some studies suggest that conserved antigens from more distantly related viruses
could potentially also generate cross-reactive Abs. For example, within a CoVID-19 patient
cohort, hospitalized patients were more likely to have a history of human herpesvirus 5 or

Herpes Simplexvirus-1 (HSV-1) infections than patients with mild symptoms3? and cross-
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reactive Abs against these viruses have also been identified and associated with severe
disease’3. The latter study, screened SARS-CoV-2 Abs for cross-reactivity to peptides from
1,276 strains of human viruses characterized an immune signature based on cross-reactive
viral epitopes that can predict critical illness in COVID-19 patients based on their infection
history’3. Work detailed in later chapters of the thesis predicts SARS-CoV-2 disease severity
in a subset of patients by detecting an aN Ab that cross-reacts with an epitope from an
influenza A strain®. A broad understanding of conserved epitopes in common human viruses

could allow predictions of broader range of disease outcomes.

1.5 Deregulated IgG Responses Lead to COVID-19 Severity

In addition to Ab cross-talk, another main hallmark of AIM is an early mature
upregulation of mature Abs. Interestingly, early IgG upregulation has been correlated with
severe COVID-19 disease 687475576, Longitudinal comparisons of distinct serological patterns
and downstream responses demonstrated two different patterns of disease severity - one
that eventually leads to convalescence despite severe symptoms and the other to fatality+.
The severe disease pathway that leads to recovery shows characteristics of detrimental AIM,
such as early upregulation of aS-IgG1 and robust downstream inflammatory activation. After
the initial early IgG1 upregulation within the first week, IgG3 and IgA1/2 are subsequently
upregulated in the severe patients that recover compared moderately affected patients
whose IgG and IgA levels were rising at a slower rate#. Interestingly, [gG3 Abs are known to
potently induce effector functions and excessive or prolonged upregulation can lead to

hyperinflammatory responses’’ (Figure 1-4A).
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While patients with moderate symptoms show a steady and sustained climb in IgG
levels, a delayed and transient response results in a high chance of mortality following severe
symptoms* (Figure 1-4B, 1-4B C). Though these severely impacted patients have an
underdeveloped IgG response, they still upregulate IgA2 Abs in response to infection#*.
(Figure 1-4D) In COVID-19 patients, increased levels of IgA2 have been associated with
organ injury and fatal outcomes attributed to the activation of hyperinflammatory pathways
and neutrophil extracellular trap (NET), which together contribute to severe outcomes’8. In
other studies, upregulation of aN IgG4 in severe COVID-19 has also been reported; 1gG4
upregulation is usually observed in fibrotic diseases and can indicate lung injury and
fibrosis®®. Taken together, the initial magnitude and length of time for IgG upregulation
appears to be a marker of disease severity with varying outcomes. In the following sections,
we further explore the role of IgG as a crucial molecular checkpoint for immune coordination

and disease outcomes.

1.6 Deregulated Ab Timing and the Pro-Inflammatory Response

Although it is still unclear whether ADE occurs in COVID-19, research has shown that
deregulated coordination of the immune response can impact disease severity in patients.
IgGs induce immune effector functions by binding to low-affinity activating receptors
FcyR2A, FcyR3A and FcyR3B, or the inhibitory receptor FcyR2B7980, The balance between
FcR signaling in immune cells activates specific functional programs!®77. Furthermore
differences in the timing and prevalence of Ab subclasses with varied structures (ex. IgG1,
IgG2, 1gG3, IgG4) determine the overall intensities with which FcRs are engaged!s.

Downstream FcR and effector analyses of the patients with varied COVID-19 disease

13



outcomes and IgG profiles highlight the importance of Ab timing and balance in coordinating

immune cellular effects.

In early IgG response patients, a similarly early aS IgG-mediated activation of the
inhibitory receptor, FcyR2B is observed. This can, in turn, drive a broader overactivation of
FcyRs subtypes. Hyperactivation of FcyR2B in severely affected COVID-19 patients has been
observed in multiple investigations®182 and associated proinflammatory markers476383,
Specifically, preferred FcyR2B activation over FcyR2ZA in severe COVID-19 results in
monocyte reprogramming and the hyperproliferation of immature proinflammatory
neutrophils (termed emergency myelopoiesis)®4. FcyR2B causes monocyte reprogramming
by blocking the transcription of FcyR2A-mediated antiviral interferon stimulated gene (ISG)
program and upregulating the expression of the proinflammatory calcium-binding S100A12
gene signature. While the upregulation of S100A12+ cells also occurs in patients with ARDS
from other viral sources, the FcyR2B-mediated pathway in interferon signaling is unique to
severe COVID-19 patients®>. This molecular mechanism may be the reason that disease
trajectory in COVID-19 is especially sensitive to alterations in interferon signaling relative to
other viral infections31.85-87, Additionally, the already upregulated S100A12+ -mediated
emergency myelopoiesis in metabolic comorbidities like diabetes888%, may further

exacerbate disease symptoms in SARS-CoV-2 infected individuals (Figure 1-4D).
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Figure 1-4 The timing and titers of IgGs are crucial to immune coordination. A-C. The
schematic depicts different patient outcomes based on varying IgG trends over time. A
robust, early IgG response results in severe disease with good prognosis for survival. A
gradual IgG upregulation leads to moderate disease, whereas a delayed and stunted
response results in severe disease with high risk of mortality. D. An early, robust IgG boost
leads to an early activation of FcyR2B#, which in turn inhibits interferon stimulated gene
(ISG+) signaling. Instead, proinflammatory genes (S100A12+) are upregulated®>84. Such
proinflammatory immune dysregulation in monocytes results in neutrophil proliferation
(emergency myelopoiesis) and proinflammatory symptoms. Patients that have mild to
moderate symptoms show increased ISG expression, high FcyR2A activation, coordinated
effect functions involved in tissue repair and anti-viral activity 27,6581, Conversely patients
with stunted IgG responses show low FcyR activation and instead relies on IgA2 and its
corresponding FcaR* IgA2 hyperactivation can result in severe COVID-19 symptoms7s.
Additionally, these patients also show stunted natural killer (NK) cell activities*. Therefore
viral burden may have a greater impact on disease symptoms in this group. Changes in IgG
glycosylation, specifically decreased fucosylation (termed afuscosylation), have also been
shown to affect FcyR activation profiles and is associated with severe diseasel820, Patients
with metabolic comorbidities like diabetes show a predisposition for afucosylation and
emergency myelopoiesis and may exacerbate COVID-19 symptoms through these
pathways!8. PSO: post-symptom onset.
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While the “robust and early” humoral response is well characterized in literature, less
is known about the stunted immune response observed in patients with high mortality. In
these patients initial levels of FcyR receptor activation are low and mirror that of moderate
patients. This patient subset is, however, characterized by its aN-specific upregulation of
IgA-specific Fc receptor (FcaR) at two weeks PSO. This aN IgA-mediated Fc activation has
been shown to be a parameter for predicting disease survival*. While effector functions in
these immune-stunted patients are delayed as well, by the third week PSO levels of most
effector functions catch up to that of moderate and severe patient groups with high chances
of survival. Natural killer (NK) cell-activation (ADNKA) levels, however, remain low over
time#*. NK dysfunction and exhaustion phenotypes have also been associated with increased
COVID-19 severity 29-92, which may contribute to increased mortality in immune-stunted
patients. Interestingly, a similarly blunted aS IgG response has been reported against the
BioNT162b1 mRNA vaccine in multiple sclerosis patients treated with mAb treatment,
ocrelizumab, targeting CD20 B-cells and in kidney transplant patients on
immunosuppressant treatment 23-95. Therefore, the stunted immune signature may
represent patients with immune-suppressing comorbidities or those prescribed

immunomodulating medications (Figure 1-4D).

Despite early similarities in Ab and FcyR profiles between patients with moderate
disease and severe patients who do not recover, the long term effects are highly divergent.
The IgG levels of patients with moderate disease climb steadily over time and match levels
observed in patients with severe disease that eventually recover. Meanwhile these levels
dramatically decline after the third week PSO in severe patients who eventually die from

COVID-19%. Similar to the moderate symptom group, severe, but recovered patients also
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demonstrate persistently elevated IgG levels over 4 weeks. While steady upregulation and
sustained, high levels of IgGs appear to be important for survival4, other studies examining
longer time points on more mildly infected patients demonstrate rapid decay in IgGs
between 37-90 days PSO 669697, Thus several subcategories of COVID-19 disease pathways

exist that need to be carefully characterized (Figure 1-4 A-C).

1.7 Altered Post-Translational Modifications Can Drive Disease Outcomes

Another factor that regulates Ab function is post-translational modifications to the Fc
region, which can also regulate the Ab’s interactions with FcRs 187980, PTMs at the IgG N-
linked glycosylation site N297 are important for FcR selectivity and determining effector
functions. The glycan composition at this site is highly variable, and the role of core
fucosylation has been shown to impact disease outcomes2%98, Comparisons of Fc-region
post-translational modifications (PTMs) between COVID-19 patients with symptoms
ranging from mild to severe report lower levels of Fc-fucosylation in «aRBD IgG1 in severe
patients. Longitudinal analysis of IgG1 has demonstrated that while afucosylation was stable
for over 4 weeks, a significant decrease in Ab sialylation was also observed?0.

Interestingly, afucosylated Abs without a 31,4-linked GIcNAc attached to the core (3-
mannose residue, termed FONO, were particularly prevalent in severe male COVID-19
patients. In other studies, increased Fc galactosylation has been associated with age, male
sex, and autoimmune diseases®. The afucosylated Abs from severe COVID-19 patients
increased activation of FcyR3A, where higher levels of afucosylation showed an
approximately six-fold greater affinity for the receptor. Afucosylated Abs from severe
patients upregulated natural kill (NK) cell activation and proinflammatory cytokine

production, IL-6, TNF, and IL-1B in monocytes and alveolar macrophages®. While Ab
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afucosylation-related hyperactivation FcyR3A has been previously associated with
increased disease severity in dengue virus infections2%.100.101 the PTM signature is not as
stable as SARS-CoV-2 and is observed to decrease over time0l. Such longitudinal differences
between different infections demonstrate that further points of regulation in immune
coordination may determine disease progression and outcomes. The investigation of the role
of Ab PTMs in COVID-19 is still limited, and future investigations may help answer questions
of how risk factors such as age, sex, comorbidities alter the structure and functions of the

Abs that are generated.

1.8 Conclusions and Discussion

Categorization by neutralization capability is insufficient for determining or treating
disease outcomes. Ab neutralization may be most effective for prophylaxis?? or in cases of
low initial viral titer exposure192103, Rather than titers, a measure of nAb potency may be a
better predictor of disease outcomes and help explain the differential protection observed
21, As titers of Abs increase with severity, the increased binding between Abs and antigen
results in concerted FcR aggregation and subsequent activation®. Therefore, in severe
disease, the balance between neutralization potency and Fc-mediated activity shifts towards

hyperactivating downstream effector functions.

A central paradigm of innate immunity asserts that early antiviral responses occur
first, and are then followed by pro-inflammatory actions. Patients hospitalized for severe
COVID-19 seem to break the mold, where early pro-inflammatory responses and a delayed
antiviral, IFN-mediated response are observed87.14, The timing, titers, and subclasses of IgG
in COVID-19 immune response plays a critical role in modulating disease outcomes. An early

upregulation of IgGs and the subsequent hyperactivation of Fcy2B, instead of the protective
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Fcy2A, results in upregulated proinflammatory pathways in monocytes and
neutrophils*6584, These patients present with severe disease with a high chance of recovery*.
Immunological history, through phenomena like AIM, likely underlies the above described
response>’. Similarly, changes in Ab PTMs like decreased fucosylation, which are prevalent
in severely impacted SARS-CoV-2 patients, are also associated with the hyperactivation of a
another Fc-receptor, Fcy3A%. Therefore, disease severity in COVID-19 may be governed by
factors that shunt Fc-receptor activation away from the protective, early antiviral Fcy2A-

mediated immune responses27.6581,

Additionally, the protective effects of FcyR-mediated responses in COVID-19 are
apparent in patient cohorts with a stunted IgG response. Here, delayed and transient Fc-
mediated effector functions resulting in weak NK activation is associated with patient
mortality*. Since there have been conflicting observations of whether viral load correlates
positively with disease severity, it is possible that the subset of patients with an inability to
mount an appropriate Ab response succumb to the COVID-19 due to the effects of increased
viral spreading. Furthermore, severity through this pathway may occur in patients that have
immune suppression or are treated with immune-moderating medications®3-95. Therefore,
understanding mechanisms of action for different groups of patients can help predict and

optimize therapeutic vaccine development.

Due to the clinical variability and molecular diversity of COVID-19 disease severity, a
global test to predict disease severity is still challenging. Additionally, due to the complex
molecular coordination and many points of regulation, a single biomarker snapshot at any

given time PSO may not accurately depict immune skewing. In such cases, biomarker
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signatures, or a combination of comorbidities and immune biomarkers may help determine
risks of the severe disease down the line. While severity associated with early Ab
upregulation may be more simple and practical to assay, for pathways characterized by
delayed immune responses, predictions may be difficult. Here, early markers appear very
similar to mild disease symptom and the delayed signature may only apparent after the onset
of critically illness. Investigations show that certain cross-reactive epitopes to detect the
upregulation of imprinted Abs can be used to predict AIM-based disease outcomes>73.
Studies of distinct early Ab, FcR, and effector biomarkers were have been used to decipher
signatures of moderate, severe, and critical (low survival) patients. However, these
signatures require testing that uses multi-biomarker platforms and will be more difficult to

implement at the point-of-care 415,

The main limitation of predicting disease severity with high sensitivity (low false
negative fate) is that the mechanisms of most disease outcomes have not been identified.
Furthermore, investigations attempting to characterize disease mechanisms typically group
outcomes differently. For example, while some studies group patients’ severity based on
specific clinical presentations, others base the criteria on survival, yet others base it on the
level of medical care received*-°. While this allows investigation of different parameters for
disease severity, comparisons between otherwise similar investigations are often
impossible. Standardization of disease outcome categories in future investigations in the
field can aid in the facile discovery and validation of new pathways and predictive

biomarkers of COVID-19-related disease outcomes.
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In the following chapters, we further explore the role of xSARS-CoV-2 Abs in disease
severity. In a quest to find correlations between Ab responses and disease outcomes, we
empirically test panels of bioinformatics-predicted epitopes using a phage display binding
platform. Our results identify and characterize disease markers of a subset of patients that
respond to a specific epitope on the N protein. Using this Ab biomarker we develop a two-
step test, including Ab detection and a disease risk factor score, to categorize patients with
high chances of developing severe disease (Chapter 2). Next, we explore the role of
immunological history in shaping disease outcomes in this group of high risk patients. The
findings of our investigations show evidence of antigenic imprinting as an underlying
mechanism of disease severity. Furthermore, our investigation provides insight into how
epitope-specificity even in non-neutralizing Abs can be important in driving particular
disease outcomes (Chapter 3). Additionally, we develop a rapid means of detecting plasma
proteins using a device called the Vortex Fluidic Device (VFD), (Chapter 6). Such methods
can be crucial to quick, high-throughput detection of specific biomarkers of COVID-19

disease severity, leading to early intervention.

Towards the same goals of rapid detection and early prevention, in Chapters 4 and 5,
we expand our tool kit for analyzing protein-protein interactions by harnessing the binding
interactions of native proteins to engineer real-time optical sensors. In Chapter 4, we
develop platforms to assess the binding of insulin and insulin receptor variants towards the
development of a biosensors that can improve type-1-diabetes management. In Chapter 5,
we develop an improved calcium sensor, originally derived from Troponin C19, for the real-

time monitoring of fluctuating ions and early intervention in patients undergoing blood
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transfusions. Together the investigations, work to use protein-based tools to improve

personalized medical care.
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CHAPTER 2

Predicting COVID-19 Severity with a Specific Nucleocapsid Antibody plus Disease Risk
Factor Score

Adapted with permission from mSphere.
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2.1 Abstract

Effective methods for predicting COVID-19 disease trajectories are urgently needed.
Here, ELISA and coronavirus antigen microarray (COVAM) analysis mapped antibody
epitopes in the plasma of COVID-19 patients (n = 86) experiencing a wide-range of disease
states. The experiments identified antibodies to a 21-residue epitope from nucleocapsid
(termed Ep9) associated with severe disease, including admission to the ICU, requirement
for ventilators, or death. Importantly, anti-Ep9 antibodies can be detected within six days
post-symptom onset and sometimes within one day. Furthermore, anti-Ep9 antibodies
correlate with various comorbidities and hallmarks of immune hyperactivity. We introduce
a simple-to-calculate, disease risk factor score to quantitate each patient’s comorbidities and
age. For patients with anti-Ep9 antibodies, scores above 3.0 predict more severe disease
outcomes with a 13.42 Likelihood Ratio (96.7% specificity). The results lay the groundwork
for a new type of COVID-19 prognostic to allow early identification and triage of high-risk

patients. Such information could guide more effective therapeutic intervention.
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2.2 Introduction

The COVID-19 pandemic has triggered an ongoing global health crisis. More than 179
million confirmed cases and 3.9 million deaths have been reported worldwide as of June 25,
2021 1. The virus that causes COVID-19, severe acute respiratory syndrome coronavirus
(SARS-CoV-2), belongs to the same family of viruses responsible for respiratory illness
linked to recent epidemics - severe acute respiratory syndrome (SARS-CoV-1 termed SARS
here) in 2002-2003 and Middle East respiratory syndrome (MERS) in 2012 2. The current
and previous outbreaks suggest coronaviruses will remain viruses of concern for global

health.

Many risk factors and comorbidities, including age, sex, hypertension, diabetes, and
obesity, can influence COVID-19 patient outcomes 3. Analysis of patient immune parameters
has linked disease severity to elevated levels of biomarkers for inflammation (c-reactive
protein and cardiac troponin I), organ damage (aspartate aminotransferase, abbreviated
AST, and hypoalbuminemia), immune hyperactivity (IL-6 and IL-10), and clotting (D-dimer)
4 Mortality in COVID-19 is often caused by multi-organ injury and severe pneumonia
attributed to an excessive immune response, termed a cytokine storm °. Given the rapid and
wide spectrum of COVID-19 disease progression, a more precise prognostic linking disease
risk factors and specific immune responses can potentially predict disease trajectories and

guide interventions.

One hypothesis to explain differences in severity of COVID-19 implicates weakly
binding, non-neutralizing antibodies (Abs) to SARS-CoV-2 proteins ¢. However, the potential

harm of these suboptimal Abs in COVID-19 patient outcomes remains ill-defined.
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Furthermore, a recent review on antibody-dependent enhancement of SARS-CoV-2 stated,
“At present, there are no known clinical findings, immunological assays or biomarkers that
can differentiate any severe infection from immune-enhanced disease, whether by
measuring antibodies, T cells or intrinsic host responses 7." This conclusion inspired our

study.

SARS-CoV-2 encodes four major structural proteins - spike (S), nucleocapsid (N),
membrane (M), and envelope (E). The S, N, and M proteins from SARS elicit an Ab-based
immune response 8°. The Ab response and its effects on disease progression in SARS-CoV-2
remain under investigation 1011, Bioinformatics has predicted >55 Ab binding epitope
regions from SARS-CoV-2 12-17, The epitopes for N, M or E proteins are less well-
characterized than for S protein. Several studies have reported comprehensive epitope
mapping of the antibody response to SARS-CoV-2 18-21, Here, we sought to characterize
epitopes from SARS-CoV-2 and their correlations with disease severity. ELISAs with phage-
displayed epitopes (phage ELISAs) and coronavirus antigen microarray (COVAM) analysis 22
examined plasma samples from COVID-19 patients (n = 86). The results demonstrate that
Abs to a specific epitope from N protein plus disease risk factors strongly correlate with

COVID-19 disease severity.

2.3 Results

Design and production of candidate epitopes

Twenty-one putative SARS-CoV-2 epitopes were predicted through bioinformatics 12-
14 and structure-based analysis. The candidate epitopes spanned the S, N, M, or E proteins

and were on average 34 amino acids in length (Figure 2-1 and Table 2-1). These epitopes
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were phage-displayed as fragments of the full-length protein and were likely unstructured.
Here, epitope refers to the predicted region of the antigenic protein recognized by the
antibody's paratope. The structure of S protein bound to a neutralizing antibody 2324
provided the starting point for 12 of these antibody epitopes. Epitopes were designed to
potentially isolate even suboptimal Abs binding to small portions of these structural
proteins; such suboptimal Abs were hypothesized to provide insight into disease severity.
After display of each potential epitope on the surface of phage, the quality of the epitopes
was evaluated by PCR, DNA sequencing, and QC ELISA (Figure 2-6). A total of 18 phage-

displayed, putative epitopes passed quality control PCR, and were selected for further study.

Mapping epitope binding to anti-SARS-CoV-2 Abs

Plasma from COVID-19 patients was subjected to ELISAs with the phage-displayed
SARS-CoV-2 epitopes (Figure 2-2A). Unless otherwise indicated (e.g., healthy controls),
plasma refers to samples from PCR-verified, COVID-19 patients. In this initial assay, plasma
was pooled, diluted 100-fold, and coated on a microtiter plate as the antigen of interest (3
pools of n = 5 patients per pool). Nonspecific interactions were blocked (ChonBlock), and
phage-displayed epitopes were added for ELISA. The resultant data were normalized by
signal from the corresponding negative control (phage without a displayed epitope). Seven
candidate epitopes from the pooled patients were further investigated with a larger number
ofindividual patient samples (n = 28) (Figure 2-2B). The strongest, reproducible binding was
observed for three epitopes from M (Ep6), N (Ep9), and S (Ep20) proteins. Additional COVID-
19 plasma samples were profiled for binding to these three epitopes (n = 86 total) (Figure 2-

2B).
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Figure 2-1. Predicted SARS-CoV-2 epitopes examined by phage ELISA. Structural models
(gray) of the SARS-CoV-2 A. S, B. N, C. M, or D. E proteins illustrate our epitope design
(colored). Sequence Ep13* has the mutation D614G, which increases the fitness of SARS-
CoV-2 25-27, The depicted structural models were derived from an S protein X-ray structure
(PDB: 6VXX) 23 or computation modeling of N, M, and E proteins (Protein Gene Bank:
QHD43423, QHD43419, and QHD43418, respectively) 28. Table 2-1 provides sequences,
sources, and rationale for selections.

Only the Ep9 epitope from N protein demonstrated robust, statistically significant
antibody binding in 27% of patients (n = 186) (Figure 2-2B). Of these patients, 100 did not
have corresponding health information and were not analyzed further in this report. To test
non-phage displayed epitopes, dose-dependent binding of antibodies to Ep9 fused to eGFP
(eGFP-Ep9) or to full-length N protein demonstrated that aEp9 IgGs bound its antigen with
ECso = 3.22 nM (95% CI = 2.49 to 4.14 nM). This experiment examined plasma samples with
the highest IgG response against the N protein in the COVAM assay. Patients without aEp9

Abs had roughly the same level of binding to N protein as observed for aEp9 Abs binding to
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Ep9. However, such aEp9 Abs appeared to add to N protein binding by antibodies;
approximately two-fold increase in apparent antibody binding levels for N protein was
observed, if the patient also has aEp9 Abs (Figure 2-2C). In patients for whom longitudinal
samples were available, the highest levels of aEp9 Abs were observed at days 1 to 14 post-
symptom onset (n = 11) and were detectable within 6 days (Figure 2-2D). In four of these

patients, aEp9 Abs persisted after day 14.

Cross-reactivity of aEp9 Abs against orthologous epitopes from other coronaviruses

Next, the cross-reactivity of aEp9 Abs was examined with Ep9-orthologs from four
phylogenetically related coronaviruses known to infect humans (Figure 2-7A). Specifically,
plasma with aEp9 Abs (n = 3) and pooled plasma from healthy individuals (n = 5) were
assayed. The Ep9 epitopes from SARS-CoV-2 and SARS have 90% amino acid sequence
homology. Unsurprisingly, this high degree of similarity resulted in a cross-reactive Ep9
epitope, and a strong antibody response was observed to Ep9 epitopes from both viruses
(Figure 2-2E). The coronaviruses, MERS, HKU-1, and NL63 have 52%, 43%, and 8% sequence
homology to SARS-CoV-2 Ep9, respectively (Figure 2-7B). These more distantly related
orthologs exhibited no cross-reactivity with the aEp9 Abs. Furthermore, no response was

observed to Ep9 in pooled plasma from healthy individuals.
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Figure 2-2 Mapping COVID-19 patient antibody responses with phage-displayed SARS-
CoV-2 epitopes. A. This phage ELISA with the indicated epitopes (x-axis) examined plasma
pooled from patients (n = 3 pools of 5 patients each, 2 technical replicates). STOP4 is the
phage negative control. B. The epitopes with the highest signals were then further examined
by ELISA with plasma from individual patients (n as indicated). C. This ELISA measures dose-
dependent binding of aN IgGs from plasma pooled from five aEp9 positive patients and five
non-Ep9, aN positive patients to eGFP-Ep9 (dashed line), eGFP negative control (eGFP-FLAG,
dotted line) or full-length N protein (fl-N, solid line). Varying doses of Ep9 or fl-N were
immobilized on microtiter plates, and binding of pooled patient plasma (1:100) was detected
using a-Fc IgG-HRP Abs (1:10,000). Pooled patients were matched by similar aN IgG binding
signal in COVAM analysis (inset). Non-linear lines of best-fit for binding saturation are
represented. Statistical comparisons of Bmax, Hill slope and EC50 between groups,
determines that binding of aEp9 IgGs to fl-N or eGFP-Ep9, and non-Ep9, aN IgGs to fl-N are
significantly different (p<0.0001). Error bars represent + SD. The data demonstrates that the
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EC50 value of aEp9 Abs is equal to the cumulative EC50 of all other aN Abs in patients lacking
the aEp9 Abs. In the presence of the aEp9 Abs, the apparent binding levels of aN Abs against
fl-N approximately doubles. D. With samples from individual patients (designated as P# and
by color) collected at the indicated times, «Ep9 Abs were measured. The subset of patients
shown here comprise all samples for which longitudinal data was available. E. Phage ELISA
with samples from patients with strong aEp9 Ab response (two from the longitudinal study
and one from the patient population) examines cross-reactive binding to Ep9 or Ep9
orthologs from the indicated coronaviruses (x-axis, 3 technical replicates). The arrow on the
y-axis and gray line (panels B and C) represents the negative control used for normalizing
the data. Error bars represent SEM (panels A, B, and D) or range of two measurements (panel
Q).

The protein microarray COVAM analysis is a high-throughput serological test for
SARS-CoV-2 Ab cross-reactivity with a panel of 67 antigens from 23 strains of 10 respiratory
tract infection-causing viruses 22. In this assay, each antigen was printed onto microarrays,
probed with human plasma, and analyzed with an ArrayCam imager. COVAM distinguishes
between IgG and IgM Abs binding to the full-length N protein (Figures 2-S3 and 2-S4,
respectively). Thus, the COVAM analysis complemented the phage ELISA by expanding the
scope of antigens surveyed and adding Ab serotype information. The ELISA and COVAM data
both demonstrated that aEp9 Abs were highly specific for lineage B betacoronaviruses, and

were unlikely to be found in patients before their infection with SARS-CoV-2.
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Figure 2-3. Patients with aEp9 Abs have more severe disease. A. Normalized and
categorized data from measurements by COVAM (IgMs in yellow, IgGs in green) and Ep9
phage ELISA (blue). ANOVA comparing COVAM to ELISA with Dunnett’s multiple
comparisons yields p-values of **<0.01, ****<0.0001, or ns: not significant. B. Disease
severity (color) binned by antibody response (%) for COVAM (yellow) or ELISA (blue).
Statistical analysis reveals significant differences between distributions of severe and non-
severe disease comparing patient categories, p<0.01 (22@ and p<0.001 (Fisher’s exact test)
for COVAM and ELISA, respectively. Patients with aEp9 Abs are C. symptomatic for longer
durations and D. spend more days in the hospital than those with other aN Abs or no aN Abs.
ANOVA with Tukey’s multiple comparisons yields p-values of *<0.05 and **<0.01. One outlier
(black) (ROUT = 0.1%) was omitted from statistical calculations for panels C and D. E. The
aN IgG appear at high levels early in the course of disease only for aEp9-positive patients,
but are lower in non-Ep9, aN-positive patients. After >15 days post symptom onset, aN IgG
levels increase for both groups of patients. F. However, IgM levels do not change significantly.
Error bars depict SEM with the indicated number of patients (n, numbers above columns).

More severe disease and poorer outcomes for aEp9 patients

Direct comparison of data with full-length N protein from COVAM and Ep9 phage

ELISA (n = 40 patients assayed with both techniques) revealed five unique categories of
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patients (Figure 2-3A). To enable this comparison, raw data from each assay was normalized
as a percentage of the negative control. Category 1 consists of patients without Abs to the N
protein. The next categories included patients with IgMs (Category 2) or IgGs (Category 3)
binding to N protein, but not Ep9, termed non-Ep9 aN Abs. Category 4 included patients with
aEp9 Abs (both IgMs and IgGs). Category 5 patients had exclusively IgG aEp9 Abs. The aEp9
Abs were only found in patients with IgMs or IgGs against full-length N protein from the
COVAM assay; the COVAM analysis thus independently corroborated the phage ELISAs

(Figure 2-3A).

Interestingly, the patients with aEp9 Abs suffered more prolonged illness and worse
clinical outcomes compared to patients with non-Ep9 aN Abs or no aN Abs. In this study,
severe COVID-19 cases were defined as resulting in death or requiring admission to the ICU
or intubation. The fraction of severe COVID-19 cases was 2.5 times higher in aEp9 Abs
patients than non-Ep9 aN Abs patients (Figure 2-3B, yellow panel); the differences in
proportions of severe and non-severe aN-positive patients with or without aEp9 Abs were
statistically significant (p<0.030, Fisher’s exact test). Patients without aN Abs (Category 1)
had less severe symptoms. The aEp9 Abs patients also had longer durations of symptoms
and hospital stays relative to non-Ep9 aN Abs and no aN Abs patients (Figure 2-3C and 2-
3D). A larger data set of patient plasma analyzed by phage ELISA confirmed this conclusion
(p<0.0013, Fisher’s exact test) (Figure 2-3B, blue panel). Our data further demonstrated that
asymptomatic COVID-19 patients (n = 3) also tested negative for aEp9 Abs (Table 2-2). The
data also revealed early seroconversion of aEp9 IgGs (Figure 2-3E), but not aEp9 IgMs

(Figure 2-3F).
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Figure 2-4. Correlation between disease severity and risk factors in patients with aEp9
Abs. A. The relationship between DRFS and disease severity of COVID-19 patients with aEp9
Abs (blue) or no aEp9 Abs (gray). Each data point represents one patient. The solid lines
indicate linear regression fits with 95% confidence intervals (dotted lines), and Pearson’s r-
value as noted. B. Correlation of disease severity with DRFS in patients with aEp9 Abs. The
data depicts a significant correlation between DRFS and disease severity in patients with
aEp9 Abs (blue), but not in patients lacking aEp Abs (gray). In aEp9 patients, a DRFS
threshold of 3.0 can predict severe disease (red). Two-tailed, parametric t-tests were
conducted to compare non-severe and severe disease outcomes of patients with and without
aEp9 Abs, where ****p<0.0001. The error bars represent SD with the indicated n. C. The
color-indicated risk factors (diabetes, hypertension, and age score) are depicted on the x-
axis as the fractions of patients in each disease severity category (y-axis). Numbers indicate
total patients (n) without aEp9 Abs (left) or with aEp9 Abs (right). The prevalence of risk
factors (colors) increases with disease severity in patients with aEp9 Abs, but not in patients
without these Abs. D. Patients with aEp9 Abs and DRFS >3 are predisposed to increased
COVID-19 severity and poorer outcomes.

Strong correlation between disease severity and comorbidities in patients with aEp9 Abs

We compared risk factors, clinical parameters, and disease outcomes among patients

with aEp9 Abs (n = 23) (Figures 2-4A and 2-S5). A disease risk factor score (DRFS) was
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developed to evaluate the relationship between clinical preconditions and disease severity
in patients with aEp9 Abs. The DRFS quantified a patient’s age, sex, and pre-existing health
conditions associated with COVID-19 disease severity and mortality. Risk factors include
hypertension, diabetes, obesity, cancer, and chronic conditions of the following: cardiac,
cerebrovascular, kidney, and pulmonary 2°-32, Using the age score from the Charlson

Comorbidity Index 33 yields a patient’s DRFS as:

DRFS =X (# of risk factors) + (age score)

where each risk factor was valued as either 0 or 1 ifabsent or present, respectively. The DRFS
of patients with aEp9 Abs strongly correlated with COVID-19 disease severity (Pearson’sr =
0.72, p-value <0.0001, and R2= 0.52) (Figure 2-4A). The correlation in patients without «Ep9
Abs was weak (r = 0.30, p-value = 0.089, R2= 0.018) (Figure 2-4A). Amongst patients with
aEp9 Abs (n =23),a DRFS 23 determined disease severity with 92.3% sensitivity (1/13 false
negatives) and 80% specificity (2/10 false positives) (Figure 2-4B). In the entire study
cohort (n = 86), patients with aEp9 Abs and DRFS 23 (n = 11) have severe disease with a
high degree of specificity (96.7%) and a sensitivity of 44%. Notably, DRFS predicted disease
severity only for patients with aEp9 Abs (n = 23), and patients without such Abs (n = 63) had

no correlation with disease outcomes.

Examining key contributors to high DRFS, the presence of aEp9 Abs correlated with
more severe disease in patients who have hypertension, diabetes, or age >50 years. Such
correlation was not observed for patients lacking aEp9 Abs (Figure 2-4C). Such risk factors
were prevalent at roughly the same percentages in both populations of patients (Table 2-2).

Thus, these risk factors were particularly acute for patients with aEp9 Abs.
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Figure 2-5. Association of inflammatory cytokine and tissue damage markers in
patients with cEp9 Abs. A. Association between the inflammatory cytokine, IL-6, and the
tissue damage marker, aspartate transaminase (AST), shows a sigmoidal curve fit for
patients with aEp9 Abs, R2 = 0.9683, Spearman’s correlation coefficient = 1.0, p< 0.0001. B.
Schematic of patients with aEp9 Abs with increasing IL-6 levels leading to poor outcomes.
We hypothesize patients with aEp9 Abs could benefit from IL-6 inhibition early in the
disease, such as monoclonal antibody drugs targeting IL-6 or its receptor (IL6R), to disrupt
a cytokine storm and reduce severe outcomes.
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High levels of inflammatory cytokine and tissue damage markers in patients with aEp9 Abs

COVID-19 patients can have elevated serum concentrations of >20 inflammatory
cytokines and chemokines 3% However, information on the cytokine levels and the
association with tissue damage and worse COVID-19 outcomes have been inconsistent 34-36,
For patients with IL-6 concentrations measured in plasma, patients with (n = 8) or without
(n=11) aEp9 Abs were compared. Interestingly, the comparison uncovered a strong positive
sigmoidal association between IL-6 and AST unique to patients with aEp9 Abs (R? = 0.968,
Spearman’s r = 1.0, p-value <0.0001, n = 8) (Red line, Figure 2-5A); correlation of IL-6 and
AST in patients with aEp9 Abs remained strong even after removal of the data point at the
highest IL-6 concentration. Conversely, a slight negative trend was observed in patients
lacking aEp9 Abs (Spearman’s r = -0.575, p-value= 0.0612, n = 13). Thus, the presence of
aEp9 Abs could disambiguate the sometimes contradictory association of IL-6 with disease

severity.

2.4 Discussion

This study introduces a two-step test as a prognostic for predicting COVID-19 disease
severity and its worst outcomes. Specifically, aEp9 Abs can effectively predict severe disease
(specificity 83.6%). However, combining presence of aEp9 Abs with DRFS 23 provides much
higher specificity (96.7%) for predicting severe disease. Previously, aN IgGs have been
recognized as a focal site for an antibody response 18192137 and associated with disease

severity and poor outcomes 11,37.38,

The present investigation expands on previous reports that recognize various regions

of the RNA binding domain of N protein as focal sites for anti-SARS-CoV-2 antibody response.
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For example, the phage display-based VirScan identified an epitope region spanning
residues 141-196 and microarrays further isolated peptides including residues 134-171,
155-171, 153-190, and 153-171 181921 The above investigations, however, do not find
correlations between any these epitopes and disease severity. Our results are confirmed by
observations from a patient cohort in Singapore, which identify an epitope (residues 153-
170) very similar to Ep9 (residues 152-172) and shows a correlation between antibody
response against the epitope and pneumonia and the tissue damage markers (CRP and LDH)
20, In our investigation, we examine in-depth patient clinical histories, test results, disease
outcomes ranging from asymptomatic to fatal, and longer longitudinal profiling post-
symptom onset, to determine the association of a larger subset of markers and risk factors.
Such data allows calculation of the DRFS. Together with the presence of «Ep9 Abs, patient
DREFS allows early discrimination of severe from non-severe disease outcomes. Additionally,
fine epitope mapping demonstrates that aEp9 Abs strongly and uniquely correlate with

COVID-19 disease severity relative to other aN Abs.

We hypothesize that the underlying mechanism relating aEp9 Abs to increased
disease severity involves an overzealous immune response. Specifically, we observe early
seroconversion and strong early upregulation of aEp9 IgGs (Figure 2-3E). Similar IgG
observations have been correlated with poor viral neutralization and clearance, resulting in
increased COVID-19 severity 103839, Also, high levels of IL-6 are observed for aEp9-positive
patients with increased levels of the tissue damage marker AST; this correlation does not
exist for patients lacking aEp9 Abs (Figure 2-5A). The sensitivity to [L-6 concentration before
AST-monitored organ damage suggests anti-IL-6 therapeutics could be an effective

management in the early and rapidly progressive stages of respiratory distress for aEp9-
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positive patients 3440-44, Since binding to N protein by aEp9 antibodies is unlikely to enhance
uptake of SARS-CoV-2, an antibody-dependent enhancement mechanism could invoke
antigen uptake by macrophages. This mechanism could stimulate complement activation
and the cytokine storm observed here as elevated IL-6 response. Further investigation is

required to determine the basis for increased disease severity in aEp9 patients.

The data demonstrate that aEp9 positive patients with DRFS =3 are 13.42 times
(Likelihood Ratio) more likely to have severe COVID-19 disease symptoms within the study
cohort (n = 86). The presence of aEp9 without DRFS is less effective as a prognostic
(Likelihood Ratio of 3.17). Despite its high specificity (96.7%), the sensitivity of this two-step
test is 44% (n = 86). However, this test could predict a subset of patients with a specific
immune response (i.e., early IgG response and IL-6 dependent immune hyperactivity), and

could suggest targeted treatment options (e.g., targeting IL-6 and its pathways).

Importantly, aEp9 Abs appear early in the course of disease. Thus, such a prognostic
could outperform traditional markers for the cytokine storm such as IL-6, which appears 6-
8 days after symptom onset 3442; all plasma collected from aEp9 positive patients (n = 7,
Figure 2-2D) between 1 to 6 days post-symptoms onset demonstrate detectable levels of
aEp9 IgG (= 2 fold over negative control). Early detection of aEp9 Abs in patients could be
used to triage and treat COVID-19 prior to the onset of its most severe symptoms; delayed
treatments of IL-6 targeting drugs can decrease their efficacy or be counterproductive 3440-
45 (Figure 2-5B). The aEp9 Ab biomarker could identify patients most likely to benefit from

anti-IL-6 therapeutics and avoid ineffective treatments.

44



This study demonstrates the usefulness of fine epitope mapping, but the following
limitations should be noted. Short linear epitopes, unlike conformational epitopes in larger
domains, might not resemble the tertiary structure of an antigen. Post-translational
modifications, such as glycosylation were omitted for the phage-displayed S protein
epitopes; the COVAM antigens, however, are produced in baculovirus or HEK-293 cells,
which could glycosylate the antigens. Our analysis is largely based upon a population of 86
COVID-19 patients and 5 healthy individuals, with the majority of Hispanic descent. The
conclusions could be further strengthened with follow-up investigations in a larger
population. Additionally, the population examined here only included three asymptomatic
individuals, and additional testing is required to verify absence of aEp9 Abs in such patients.
The sample size of patients with multiple antibody targets was too limited to allow
correlation analysis; future investigations could examine associations between aEp9 and
other Abs. Abs recognizing other SARS-CoV-2 structural proteins could also exhibit similar

characteristics to aEp9 Abs.

Existing diagnostic platforms could readily be adapted to test for aEp9 Abs, and the
DRFS calculation is quite simple to implement (e.g, assay with eGFP-Ep9 fusion
demonstrated here). As shown here, aEp9 Abs do not recognize orthologous sequences from
closely related coronaviruses, providing good specificity for aEp9 as a prognostic. Previous
studies have shown that the high homology of N protein among related coronaviruses can
lead to high false positive rates in serodiagnostics with full-length N antigen 4. Thus, the
two-step prognostic reported here could mitigate the worst outcomes of COVID-19,

particularly for patients at high risk.
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2.5 Materials and Methods:

Cloning. For phage display of epitopes, the pm1165a phagemid vector as previously
described 47 as engineered to encode an N-terminal FLAG-tag and a C-terminal fusion to the
P8 coat protein of M13-phage. This template, termed FlagTemplate, was used for subcloning
of SARS-CoV-2, SARS, MERS, HKU-1 and NL63 epitopes. A vector map of the FlagTemplate
(Figure 2-S6A), cloning procedures, and a list of oligos (Table 2-S3) for Q5 site-directed

mutagenesis and Gibson Assembly are provided here.

Short (approximately 30 amino acids) putative epitopes for phage display and E. coli
expression as eGFP fusion peptides in the pet28 vector were cloned via Q5 site-directed
mutagenesis according to the manufacturer’s instructions. A vector map of Ep9 fused peptide
to eGFP, termed eGFP-Ep9, is shown below (Figure 2-S6B). For large epitopes (>500 bp),
such as Ep17, Gibson Assembly (New England Biolabs) was conducted in two PCR steps with
the FlagTemplate or pCAGGS containing the SARS-CoV-2 S protein gene (BEI Resources) to
generate the vectors and inserts, respectively. The Gibson Assembly (2 pL) or KLD (Kinase,
Ligase, Dpnl) mix (5 pL) was transformed into Nova Blue E. coli competent cells, and
transformants were plated on a carbenicillin-supplemented (50 pg/mL) agar plate before
incubation at 37 °C overnight. Five single colonies were selected to inoculate 4 mL of SOC
media in a 15 mL culture tube supplemented with carbenicillin (50 pg/mL). The seed
cultures were incubated at 37 °C with shaking at 225 rpm for 8-12 h. Phagemid DNA was
isolated using the QIAprep spin miniprep kit according to the manufacturer’s instructions.
The successful subcloning of the ORF encoding each epitope was verified via DNA sequencing
(Genewiz). The full-length N protein in a pLVX-EF1a-IRES-Puro plasmid was a generous gift

from Prof. Rachel Martin (UCI).

46



Purification and preparation of phage. Phage were propagated and purified using
procedures previously described 48 with the following changes. A single colony was selected
to inoculate 15 mL of 2YT and shaken at 37 °C until the OD¢oo reached 0.6. After incubation
at 37 °C for 45 min, 8 mL of the primary culture was used to inoculate 300 mL of 2YT
supplemented with carbenicillin (50 pg/mL), kanamycin (20 pg/mL), and isopropyl (3-D

thiogalactopyranoside (IPTG, 30 uM).

To precipitate the phage, the cultures were centrifuged at 10 krpm (15300 x g) for 10
min at 4 °C. The supernatant was decanted into a centrifuge tube containing 60 mL PEG-8000
(20%, w/v) and NaCl (2.5 M). The tube was inverted 10 times and stored on ice for 30 min
followed by an additional centrifugation at 10 krpm (15300 x g) for 20 min at 4 °C. The
supernatant was decanted, and tubes were centrifuged for an additional 4 min at 4 krpm
(2429 x g) at 4 °C. The pellets were resuspended in PBS (10 mM phosphate, 137 mM NaCl,
pH 7.2) with TWEEN 20 (0.05%, v/v) and glycerol (10%, v/v), separated into 1 mL aliquots,
flash frozen with liquid nitrogen, and stored at -80 °C. For binding assays via ELISA, the
purified phage was thawed on ice, precipitated a second time as before. The quality of each
phage preparation was routinely checked by quality control ELISA, termed QC ELISA, to a
FLAG peptide fused to the N-terminus of each epitope (Figure 2-6); additionally, PCR using
Oligo69 and Oligo70 followed by DNA sequencing (Genewiz) was performed for every phage
preparation. Such quality control allowed for identification of toxic clones; for example, C8,

was apparently toxic to E. coli, and three protein epitopes failed to express in E. coli for
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unknown reasons. The phage concentration was determined by absorbance at 260 nm using

a coefficient of molar absorptivity of 0.003 nM-1 cm! and diluted to 40 nM in PBS.

Expression and Purification of eGFP-Ep9 and N protein. A pET28c plasmid
containing Ep9 fused to an N-terminal eGFP (Figure 2-S6B) was transformed into BL21 DE3*
E. coli heat shock, competent cells. A single colony was transferred to LB media (20 mL)
supplemented with kanamycin (40 pg/mL) and incubated at 37 °C for 18 h. An aliquot of the
starter culture (2.5 mL) was transferred to LB media with 1% glucose (250 mL LBina 1L
baffled flask). After reaching an ODsoo between 0.4-0.6, the culture was induced through
addition of IPTG (0.5 mM) before incubation at 25 °C for 18 h. The cells were centrifuged
(15,300 x g) for 20 min at 4 °C, and the cell pellet was resuspended in lysis buffer (25 mM
Tris-HCI and 200 mM NaCl, pH 8.0 and supplemented with protease inhibitor cocktail)
followed by sonication. The lysate was subjected to centrifugation (26,892 rcf, 45 min, 4 °C).
The supernatant was incubated with charged Ni-IMAC resin overnight on a rotary shaker
(150 rpm at 4 °C). The resin was equilibrated in a column, washed with wash buffer (20 mM
imidazole in lysis buffer), and the purified protein was eluted using elution buffer (250 mM
imidazole in lysis buffer). Elutions containing the purified protein were visualized using 10%
or 12% SDS-PAGE (Bio-rad Mini-PROTEAN Tetra electrophoresis system) stained with
Coomassie brilliant blue stain (Figure 2-12). The eluted fractions containing the purified
eGFP-Ep9 were pooled and buffer exchanged for 3 column volumes (20 mL) with lysis buffer
without imidazole using a 10 kDa cutoff microconcentrator (Vivaspin, Fisher Scientific). The
protein concentration was determined by a bicinchoninicacid (BCA) assay or Bradford assay

using the estimated MW (http://www.expasy.org). Similar to eGFP-Ep9, the full-length N

protein was expressed in 250 ml LB with 1% glucose and induced with 0.25 mM IPTG at
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ODsoo = 0.8. Protein overexpression cultures were incubated at 16 °C for 22 h. Lysis and
purification were conducted as described above, using N protein lysis buffer (20 mM Tris-
HCl, 300 mM NaCl, 5 mM MgClz, 5 mM BME, 10% glycerol pH 8.0). The purified full-length N

protein was analyzed using 10% SDS-PAGE (Figure 2-12).

Patient sample collection. The UC Irvine Experimental Tissue Resource operates
under a blanket IRB protocol (UCI #2012-8716) that gives ETR personnel ‘Honest Broker’
status and enables the collection of any fluid or tissue remnant in excess to that needed for
clinical diagnosis and distribution to investigators under the conditions of their own IRB
approval. Patients undergoing COVID testing in the Emergency Department or on the
inpatient service with confirmed COVID (+) pharyngeal swabs, were followed for their blood
collections daily. Specimens collected originally for diagnostic purposes were processed and
stored by the hospital laboratory in a manner compliant with College of American
Pathologists (CAP) standards. EDTA-anticoagulated whole blood was stored for 2 days at 4
°C after clinical diagnosis and released for research purposes. Plasma from heparin-
anticoagulated blood was centrifuged immediately after collection and preserved at 4 °C for
3-4 days before being released for research use. All COVID (+) specimens were handled
under BSL-2 conditions, aliquoted into screw cap cryovials, and stored at -80 °C long term
with constant temperature monitoring. Specimens were coded by the ETR with unique de-
identifiers, and accompanying clinical information was stripped of PHI, such that
investigators could receive specimens under a Non-Human Subjects Determination
exemption from the UC Irvine IRB. All samples from SARS-CoV-2 infected patients were
inactivated by incubation in a water bath at 56 °C for 30 min #°, aliquoted (40 pL each), and

stored at -80 °C.
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Phage ELISA with plasma. The phage-displayed SARS-CoV-2 epitopes were used in
phage ELISAs with patient plasma samples diluted 100-fold in coating buffer (50 mM NazCOs3,
pH 9.6). After incubation in a 96-well Nunc MaxiSorp flat-bottom microtiter plate with
shaking at 150 rpm at 4 °C for 12-18 h, plasma was aspirated by a plate washer (BioTek).
Next, the plate was treated with 100 pL per well of ChonBlock Blocking/Sample Dilution
Buffer (Chondrex, Inc.) for 1 h with shaking at 150 rpm at room temperature and washed
three times with wash buffer (0.05% v/v Tween-20 in PBS). The epitope displaying phage
and controls were diluted to 1 nM in ChonBlock Blocking/Sample Dilution Buffer and 100 pL
were added to each well before incubating for 2 h with shaking (150 rpm) at room
temperature. The plate was then washed three times with wash buffer. The primary
antibody, anti-M13-HRP (Creative Diagnostics), was diluted 1:5000 in ChonBlock Secondary
Antibody Buffer and 100 pL was added per well; the plate was incubated for 1 h at 150 rpm
and room temperature. Following three washes with wash buffer, 1-Step Ultra TMB-ELISA
Substrate Solution (100 pL per well, ThermoScientific) was added. Absorbance of TMB
substrate was measured twice at 652 nm by UV-Vis plate reader (BioTek) after 5 and 15 min

of incubation.

ELISA of eGFP-Ep9 and full-length N protein with plasma. Varying doses, with a
maximum concentration of 1.7 uM, of eGFP-Ep9, eGFP-FLAG or full-length N protein (fl-N)
were diluted in PBS pH 8.0, and then immobilized on a 96-well Nunc MaxiSorp flat-bottom
microtiter plate before incubatation on a shaker (150 rpm) at 4 °C for 12 to 18 h. After
incubation, unattached proteins were removed through aspiratation using a plate washer
(BioTek) and wells were blocked with 100 pL. ChonBlock Blocking/Sample Dilution Buffer

(Chondrex, Inc.) for 30 min with shaking (150 rpm) at room temperature. The plate was then
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washed three times with wash buffer (0.05% v/v Tween-20 in PBS). Pooled plasma from five
patients within each experimental group was diluted 100-fold in ChonBlock
Blocking/Sample Dilution Buffer and 100 pL was added to each well before incubating for 1
h with shaking (150 rpm) at room temperature. The plate was then washed three times with
wash buffer. The detection antibody, IgG Fc Goat anti-Human, HRP (Invitrogen), was diluted
1:5000 in ChonBlock Secondary Antibody Buffer and 100 pL was added per well; the plate
was incubated for 30 min at 150 rpm and room temperature. Following six washes with
wash buffer, 1-Step Ultra TMB-ELISA Substrate Solution (100 pL per well, ThermoScientific)
was added. Absorbance of TMB substrate was measured twice at 652 nm by UV-Vis plate

reader (BioTek) after 5 and 15 min of incubation.

Serum coronavirus antigen microarray (COVAM). COVAM included 61 antigens
across respiratory virus subtypes including 11 antigens from SARS-CoV-2 expressed in
either baculovirus or HEK-293 cells as previously detailed 22. These antigens were provided
by Sino Biological U.S. Inc. as either catalog products or custom synthesis service products.
The antigens were printed onto microarrays, probed with human sera, and analyzed as
previously described 50-52, Briefly, lyophilized antigens were reconstituted with sterile water
to a concentration of 0.1 mg/mL protein in PBS, and printing buffer was added. Antigens
were then printed onto ONCYTE AVID nitrocellulose-coated slides (Grace Bio-Labs) using an
OmniGrid 100 microarray printer (GeneMachines). The microarray slides were probed with
human sera diluted 1:100 in 1X Protein Array Blocking Buffer (GVS Life Sciences, Sanford,
ME) overnight at 4°C and washed with TTBS buffer (20 mM Tris-HCI, 150 mM NaCl, 0.05%
Tween-20 in ddH20 adjusted to pH 7.5 and filtered) three times for 5 min each. A mixture of

human IgG and IgM secondary antibodies conjugated to quantum dot fluorophores Q800 and
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Q585 respectively was applied to each of the microarray pads and incubated for 2 h at room
temperature, and pads were then washed with TTBS three times for 5 min each and dried.
The slides were imaged using an ArrayCam imager (Grace Bio-Labs) to measure background-
subtracted median spot fluorescence. Non-specific binding of secondary antibodies was
subtracted using a saline control. The mean fluorescence of the 4 replicate spots for each

antigen was used for analysis.

Statistical analysis. The ELISA data were analyzed in GraphPad Prism 8. Since the
total antibody content differs from person to person, the raw absorbance values for every
patient sample were normalized and represented as the ratio as compared to a negative
control. Analysis of variance (ANOVA) with Dunnett’s multiple comparisons was performed
to determine if values were statistically significant. Correlations between COVAM IgG/IgM
and ELISA were determined by plotting normalized values on an XY graph and performing a

non-parametric correlation analysis using a Spearman’s rank correlation coefficient test.

For data visualization of clinical patient data, trends in data were evaluated using
Knime Analytics Platform software. GraphPad Prism was used to calculate column statistics
including mean, standard deviation, SEM, p-values, Odds Ratios, and Likelihood Ratios
defined as sensitivity / (1 - specificity). ANOVA with Tukey’s multiple comparisons test was
used to evaluate antibody response and disease severity between patients with aEp9 Abs,
non-Ep9, aN Abs, or non aN Abs. Comparisons of patients with aEp9 Abs and non-aEp9 Abs
were conducted using unpaired, two-tailed, parametric t-tests. Contingency graphs were
statistically evaluated using Fisher’s exact test, for groups with binary categorization, and

Chi-squared test for groups with multiple categories. Different datasets were fitted with
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linear or non-linear regression methods, the fit with the higher R? value was chosen.
Correlations between two clinical parameters (e.g., IL-6 and AST) were evaluated using the
Pearson coefficient or Spearman coefficients (r) for linear or non-linear regressions,
respectively; r-values between 1.0-0.7 were considered strong correlations, r-values
between 0.7 and 0.5 were considered a moderate correlation, and values below 0.5 were
considered a weak correlation 3. The significance of the correlation was evaluated based on

p-value <0.05.

2.6 Supporting Figures and Tables
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Figure 2-6. Quality control ELISA (QC ELISA) for phage-displayed, epitope candidates.
Anti-FLAG antibodies (1:1000 in coating buffer) were immobilized on a microtiter plate.
Subsequent steps followed the ELISA protocol provided here. Error bars represent SEM (n =
3). Ep8 was apparently toxic to E. coli,and Ep7 and Ep19 repeatedly failed sequencing quality
controls after phage propagation.

53



E i E 3

SARS-CoV-2 SARS MERS HKU-1 NL63
Lineage B Lineage C Lineage A
betacoronavirsus alphacoronavirsus
S protein
< 1004
5 s
2
=] —
2 6o
]
I 40+
3
7]
3 20
5
o Epl Ep3 Ep12 Ep13 Epl4 Ep15 Ep17 Ep18 Ep19 Ep20 Ep21 Ep2 Epd
o0 M protein — N protein—  E protein
X
>
g™ BN SARS
£ ™ BN MERS
= WH B HKU-1
.g 20 NL63
©
o o
Ep5 Ep6 Ep7 Ep8 Ep9 Ep10 Ep16 Ep11

Figure 2-7. Epitope homology of SARS-CoV-2 with four phylogenetically related
coronaviruses known to infect humans. A. Evolutionary lineages of the human
coronaviruses investigated here, including the highly pathogenic (SARS-CoV-2, SARS, and
MERS) and the less virulent (HKU-1 and NL63). B. The pairwise homology (% amino acid
identity) between SARS-CoV-2 and the indicated coronavirus. Labels (top) indicate the
proteins and domains (e.g., S1) from which the epitopes are derived.
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Figure 2-8. COVAM data showing the variation in IgG seroreactivity of patient plasma.

The heatmap shows normalized signal intensity from plasma samples (n = 45). Plasma

samples are in columns and sorted left to right by increasing average intensity to

differentially reactive IgG, and viruses are in rows sorted by decreasing average

seroreactivity.
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Figure 2-9. Variation in IgM seroreactivity of patient plasma. Heatmap showing
normalized signal intensity from plasma samples (n = 45). Plasma samples are in columns
and sorted left to right by increasing average intensity to differentially reactive IgM, and
viruses are in rows sorted by decreasing average seroreactivity.
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Figure 2-10. Comparison of disease severity and clinical parameters of patients with
aEp9 Abs. The data shown represents the fold change of each clinical parameter over the
mean of the normal range. The sum of all the fold changes of the clinical parameters for each
Ep9-responsive patient is binned according to COVID-19 disease severity. For facile
visualization and comparison of clinical biomarkers between Ep9-reponsive patients, the
values of each parameter were normalized to fold over the mean of healthy values. No
significant trends in clinical parameters (color indicated) were observed with increased

disease severity or relative to patients lacking aEp9 Abs.
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Figure 2-11. Schematic of plasmid map for phage-displayed or recombinant
expression epitopes. A. Schematic of the FlagTemplate phagemid used for cloning phage-
displayed epitopes. The phagemid, termed FlagTemplate, for the subcloning of SARS-CoV-2,
SARS, HKU-1 and NL63 epitopes encodes an N-terminal FLAG tag, followed by a GSG linker
to the epitope before a C-terminal GGGSGSSS linker to the P8 coat protein of M13-phage. B.
The plasmid map for recombinant expression of the eGFP-Ep9 fusion. Ep9 was subcloned
into a pET28-eGFP fusion vector with a C-terminal FLAG tag. The fusion protein is connected
through a linker (GGGSGSS), and two spacers flank the N- and C-termini of the FLAG-tag
(SGSG and GSG, respectively). The plasmid backbone lacking the Ep9 sequence was used to
express the eGFP-FLAG negative control.
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Figure 2-12. eGFP-FLAG, eGFP-Ep9, and full-length N protein purity assessed by 10%
SDS-PAGE. Representative SDS-PAGE to visualize A. eGFP-FLAG and eGFP-Ep9 or B. full-
length N protein after immobilized metal (Ni2+) affinity chromatography purification.
Elution fraction #2 of eGFP-FLAG, eGPF-Ep9, and elution fraction #3 were purified to >95%
homogeneity, and migrated at the expected mass of 32, 34, and 48 kDa, respectively.
Elution fraction #1 of eGFP-FLAG and eGFP-Ep9 was diluted 20-fold. L1, BLUE stain
(Goldbio) and L2, Prestain PAGE-Ruler Plus (Thermo Fisher Scientific) protein ladder was
used as reference. [ = insoluble fraction, S = soluble fractions, FT = flow-through, W = wash.
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Table 2-1. Phage-displayed putative epitopes of SARS-CoV-2

Epitope Protein Residues* Amino Acid Sequence Ref
Epl S 287-317 DAVDCALDPLSETKCTLKSFTVEKGIYQTSN 13
Ep2 S 802-819 FSQILPDPSKPSKRSFIE 13
Ep3 S 15-30 CVNLTTRTQLPPAYTN 14
Ep4 S 1056-1070  APHGVVFLHVTYVPA 12
Ep5 M 1-24 MADSNGTITVEELKKLLEQWNLVI 13
Ep6 M 132-151 PLLESELVIGAVILRGHLRI 13
Ep7 M 97-111 IASFRLFARTRSMWS 15
Ep8 N 41-61 RPQGLPNNTASWFTALTQHGK 13
Ep9 N 152-172 ANNAAIVLQLPQGTTLPKGFY 13

Ep10 N 264-278 ATKAYNVTQAFGRRG 12

Epl1l E 52-66 VKPSFYVYSRVKNLN 12
VCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFL

Ep12 S 524-598 PFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSV 13
I

Ep13 S 601-640 gggTSNQVAVLYQDVNCTEVPVAI HADQLTPTWRVYS 13

Ep13* S 601-640 ggI;TSNQVAVLYQGVNCTEVPVAI HADQLTPTWRVYS 25,26,52

Epl4 S 61-76 NVTWFHAIHVSGTNGT 14

Ep15 S 373-390 SFSTFKCYGVSPTKLNDL 14
NKHIDAYKTFPPTEPKKDKKKKADETQALPQRQKK

Ep16 N 354-400 OB RTT QALPOROKKQO 13
RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNR
KRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCF
TNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDF

Epl7 S 319-529 TGCVIAWNSNNLDSKVgGNYNgLYRLFRKSNLKPFER 23
DISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGV
GYQPYRVVVLSFELLHAPATVCGPKK

Ep18 S 488-507 CYFPLQSYGFQPTNGVGYQP 23

Ep19 S 429-448 FTGCVIAWMSNNLDSKVGGN 23

Ep20 S 448-466 NYNYLYRLFRKSNLKPFER 23

Ep21 S 467-487 DISTEIYQAGSTPCNGVEGFN 23

sEp9 N 153-173 NNNAATVLQLPQGTTLPKGFY

mEp9 N 141-161 NNDSAIVTQFAPGTKLPKNFH

hEp9 N 166-186 TTQEAIPTRFPPGTILPQGYY

nEp9 N 119-136 NQKPLEPKFSIALPPELS

*Residue numbering from protein sequences deposited in GenBank. Specifically, the accession numbers
were as follows: S protein (YP_009724390.1), M protein (YP_009724393.1), N protein (YP_009724397.2),
and E protein (YP_009724392.1) from SARS-CoV-2 and N protein from SARS (NP_828855.1), MERS
(YP_009047211.1), HKU-1 (YP_173242.1), or NL63 (TP_003771.1).
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Table 2-2. Demographics and clinical characteristics of COVID-19 patients categorized
by aEp9 Abs response.

Characteristics No aEp9 Abs (n = 63) aEp9 Abs (n = 23) p-value
Demographics

Age (= SD) 49.75 (+ 18.45) 47.26 (+ 18.45) 0.5668
Sex F:M (%) 21:42 (44.4/66.7) 10:13 (43.5/56.5) 0.4502
Ethnicity n, (%) 15 (65.2):4 (17.4): 3 (13.0): 39(61.9):8(12.7):9 (14.3): 0.7760
Hispanic: Asian: 1(4.3):0(0) 3(4.8):4(6.3)

Caucasian: Black: Other

BMI (+ SD) 28.9 (£ 6.4) 32.0 (£ 7.9) 0.0642
Preconditions, n (%)

Hypertension 23 (36.5) 10 (43.5) 0.6203
Diabetes 21 (33.2) 6 (26.1) 0.6065
CVD 6(9.5) 2(8.7) 1.0000
CAD 6(9.5) 2(8.7) 1.0000
CKD/ESRD 6 (9.5) 2(8.7) 1.0000
Asthma/COPD 8(12.7) 3(13.0) 1.0000
Obesity 24 (38.1) 13 (56.5) 0.1461
Cancer 2(3.17) 3(13.0) 0.1163
Symptoms, n (%)

Total Days of Symptoms 9.8 (+9.0) 17 (x 10) 0.0059**
Cough 43 (68.3) 15 (65.2) 0.7997
Dyspnea/SOB 28 (44.4) 11 (47.8) 0.8108
Myalgia/Fatigue 17 (27.0) 8 (34.8) 0.5926
Headache 12 (19.0) 2(8.7) 0.3349
Chest Pain 7 (11.1) 3(13.0) 1.0000
Anosmia 4 (6.3) 2(8.7) 0.6561
Stroke-like Symptoms 0 2(8.7) 0.0692
Abdominal Pain 3(4.8) 0 0.5611
Pulmonary Symptoms” 16 (25.4): 36 (52.4): 8 13 (56.5): 7 (30.4): 1 (4.3) 0.0421*
(Pneumonia: Other: None) (12.7)

Severity, n (%)

Asymptomatic 3 0 0.5611
Non-severe: Sever®? 51:12 (n, severity 19.0%) 10:13 (n, severity 56.5%) 0.0013**
Days in Hospital 5.8 (+8.0) 11.0 (£ 10.7) 0.0183*
Days in ICU 12.6 (x13.2)n=11 12.5(x6.9),n=12 0.8004
Days on Ventilator 14.0 (£ 4.0),n=6 13.0 (+54),n=7 0.7934

Results are presented as mean * SD or n and percentage of population. P-values for continuous
variables are calculated using unpaired, two-tailed T-tests. P-values for categorical variables use
Fisher’s exact test for single value parameters, and Chi-squared test for multi-group variables. *, **
p-values < 0.05, 0.01, respectively. BMI = body mass index, CVD = cardiovascular disease, CAD =
coronary artery disease, CKD = chronic kidney disease, ESRD = end-stage renal disease, SOB =
shortness of breath, COPD = chronic obstructive pulmonary disease.

A Pulmonary symptoms are based on descriptive reports of X-ray and CT scans. “Other” pulmonary
symptoms include, but are not limited to, atelectasis, pleural scarring, pleural effusion, pulmonary
edema,mild peribronchial thickening.

AN Non-severe include ER and in-patients only, severe includes patients in the ICU, on the ventilator
or death.
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Evidence for Deleterious Antigenic Imprinting in SARS-CoV-2 Immune Response

Author contribution: Sanjana R. Sen, and Gregory A. Weiss designed research; Sanjana R. Sen, Emily C.
Sanders, Alicia M. Santos, Keertna Bhuvan, Derek Y. Tang, Aidan A. Gelston, and Brian M. Miller performed
research; Sanjana R. Sen, Emily C. Sanders and Gregory A. Weiss analyzed data; Joni L. Ricks-Oddie advised on
statistical analysis; Sanjana R. Sen and Gregory A. Weiss wrote the manuscript.

3.1 Abstract

A previous report demonstrated the strong association between the presence of
antibodies binding to an epitope region from SARS-CoV-2 nucleocapsid, termed Ep9, and
COVID-19 disease severity. Patients with anti-Ep9 antibodies (Abs) had hallmarks of
antigenic imprinting (AIM), including early IgG upregulation and cytokine-associated injury.
Thus, the immunological memory of a previous infection was hypothesized to drive
formation of suboptimal anti-Ep9 Abs in severe COVID-19 infections. This study identifies a
putative primary antigen capable of stimulating production of cross-reactive, anti-Ep9 Abs.
Binding assays with patient blood samples directly show cross-reactivity between Abs
binding to Ep9 and only one bioinformatics-derived, homologous potential antigen, a
sequence derived from the neuraminidase protein of H3N2 influenza A virus. This cross-
reactive binding is highly influenza strain specific and sensitive to even single amino acid
changes in epitope sequence. The neuraminidase protein is not present in the influenza
vaccine, and the anti-Ep9 Abs likely resulted from the widespread influenza infection in
2014. Therefore, AIM from a previous infection could underlie some cases of COVID-19

disease severity.

3.2 Importance
Infections with SARS-COV-2 result in diverse disease outcomes, ranging from asymptomatic

to fatal. The mechanisms underlying different disease outcomes remain largely unexplained.
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Previously, our laboratory identified a strong association between the presence of an
antibody and increased disease severity in a subset of COVID-19 patients. Here, we report
that this severity-associated antibody cross-reacts with viral proteins from an influenza A
viral strain from 2014. Therefore, we speculate that antibodies generated against previous
infections, like the 2014 influenza A, play a significant role in directing some peoples’
immune responses against SARS-COV-2. Such understanding of the sources and drivers of

COVID-19 disease severity can help early identification and pre-emptive treatment.

3.3 Introduction

Original antigenic sin or antigenic imprinting (AIM) occurs when the immune
response adapted for a primary (or “original”) infection instead targets a similar, but not
identical, pathogen?. Since B-cells undergo affinity maturation post-primary infection, cross-
reactive Abs from previous infections can outcompete naive Abs2. AIM ideally accelerates
pathogen clearance by targeting highly conserved antigens; however, suboptimal targeting
by non-neutralizing, Ab binding can exacerbate disease?. The range of outcomes observed in
COVID-19, from asymptomatic to fatal, could result from a patient’s immunological
memoryl3,

Ab cross-reactivity from AIM causes a wide range of disease outcomes. For example,
some Abs from healthy individuals previously exposed to other common human
coronaviruses (hCoV) could cross-react with SARS-CoV-2 spike protein to neutralize viral
pseudotypes*. However, other prepandemic Abs with cross-reactivity to SARS-CoV-2
nucleocapsid (NP) and spike proteins did not protect against severe symptoms °. Humoral
immunity to hCoVs, NL63 and 229ES®, respiratory syncytial virus, cytomegalovirus and

herpes simplex virus-17-8 has been associated with more severe COVID-19 disease.
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The presence of Abs with affinity for a 21-mer peptide derived from SARS-CoV-2 NP,
an epitope region termed Ep9, have been correlated with severe COVID-19. The patients,
termed oEp9(+), comprised #27% of the sampled, SARS-CoV-2-infected population (n =
186). The aEp9(+) patients (n = 34) had high, early levels of aN IgGs, typically within the first
week, compared to aEp9(-) patients; aEp9(+) individuals also experienced cytokine-related,
immune hyperactivity®. These two observations suggest an AIM-based mechanism for the
disease severity observed in aEp9(+) patients. Here, we explore the epitope homology
landscape and aEp9 Ab cross-reactivity to potentially identify an original antigen driving Ab-

based immune response in aEp9(+) patients.

3.4 Results and Discussion

Assays measured levels of aEp9 IgGs and IgMs from aEp9(+) patients whose plasma
was collected at various times post-symptom onset (PSO). Consistent with the hallmarks of
AIM tracing a prior infection, aEp9 IgG levels appeared elevated as early as one day PSO in
one patients. Similar IgG levels were observed in the patient population over >4 weeks (one-
way ANOVA, p = 0.321); thus, aEp9 IgG started high and remained high. Levels of aEp9 IgMs
amongst patients at various times PSO were also similar (one-way ANOVA, p = 0.613). The
signals measured for aEp9 IgM levels were significantly lower than the equivalent aEp9 IgG
levels (t-test, p = 0.0181) (Figure 3-3A); this difference could reflect lower IgM affinity,

quantity, or both.
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Figure 3-1. Potential OAS epitopes for binding aEp9 Abs suggested by bioinformatics
and tested by phage ELISA. A. Cladogram depicting sequence homology of the Ep9
sequence from SARS-CoV-2 to the bioinformatics-identified, closest homologs. Sequence
alignments used pBLAST and VAST, and the cladogram was generated by iTOL 20. B.
Structures of SARS-CoV-2 NP RNA binding domain (PDB: 6M3M) and the Flu A 2014 H3N2
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NA protein (modeled by SWISS-Model 21). SARS-CoV-2 NP highlights Ep9 residues (light and
dark blue) and the region homologous region to EpNeu (dark blue). The depicted model of
Flu A 2014 H3N2 NA highlights the EpNeu putative antigen (pink). C. ELISAs examined
binding of phage-displayed potential OAS epitopes to Abs from three sets of pooled plasma
from five aEp9(+) patients, or five aEp9(-) patients. Pooled plasma from healthy patients
was an additional negative control. The colors of the heat map represent the mean binding
signal normalized to phage background negative controls (signal from phage without a
displayed peptide). D. Expansion of data from panel C shows ELISA signals from the
independently assayed individual pools shows results from the individual pools (****p
<0.0001 for a two-way ANOVA comparing binding of phage-displayed epitopes listed in
panel C to different groups of pooled plasma, ad hoc Tukey test). E. Using EpNeu as the search
template to generate homologous sequences (shown in next panel), ELISAs examined EpNeu
homologs’ binding to pooled plasma from aEp9(+), aEp9(-), or healthy individuals. The data
are represented as described in panel C (****p <0.0001 for two-way ANOVA c phage-
displayed epitopes, ad hoc Tukey and Dunnett’s test as shown). F. Amino acid sequence
alignment of the closely related Flu A NA homologs of EpNeu from
pBLAST<sup>10</sup><sup>10</sup><sup>10</sup>. Blue and orange residues
represent conserved and mismatched amino acids, respectively, relative to Ep9. Bolded
residues are important for epitope recognition by aEp9 Abs. Here, the term Flu refers to
influenza.

Searches for sequence and structural homologs of Ep9 using pBLAST10 and VAST!
databases suggested candidate primary antigens. A structural homolog from
betaherpesvirus 6A and 14 other Ep9 sequence homologs were identified. Additionally, Ep9-
orthologous regions from six human coronaviruses (SARS-CoV, MERS, 0C43, HKU-1, NL63,
229E) were chosen for subsequent assays (Figure 3-1A, and Table 3-1). To expedite the
binding measurements, the potential AIM epitope regions were subcloned into phagemids
encoding the sequences as fusions to the M13 bacteriophage P8 coat protein. DNA
sequencing and ELISA experiments demonstrated successful cloning and consistent phage
display, respectively. Two epitopes failed to display on phage and were omitted from

subsequent investigation (Table 3-2 and Figure 3-4A).
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Phage ELISAs tested binding by Ep9 homologs to aEp9 Abs. An average response
within the patient population was assessed using pooled plasma from three sets of five
aEp9(+) and five aEp9(-) COVID-19 patients coated onto ELISA plates. Plasma from healthy
individuals provided an additional negative control. Confirming previously reported results,
SARS-COV-2 Ep9 and a homologous epitope from SARS-CoV-1 (90% similarity) bound only
to plasma from aEp9(+) patients®. The aEp9 Ab affinity for SARS-CoV-1 is unlikely to drive

SARS-CoV-2 AIM due to the former’s limited spread in the US'2.

The panel of potential epitopes revealed a candidate epitope from the neuraminidase
(NA) protein of an H3N2 influenza A strain, which circulated in 2014 (A/Para/128982-
IEC/2014, Accession No. AIX95025.1), termed EpNeu here. The plasma from aEp9(+), but
not aEp9(-) patients nor healthy individuals, bound EpNeu (p<0.0001, two-way ANOVA ad
hoc Tukey test) (Figure 3-1C, D). Though Ep9 and EpNeu share 38% amino acid sequence
similarity, other candidate epitope regions with significantly higher homology failed to bind

to aEp9(+) plasma (Table 3-1).

Next, the specificity of aEp9 Abs binding to NA from different viral strains was
explored. EpNeu provided a template for further homolog searches in sequence databases.
Closely aligned NA sequences isolated from human, avian, and swine hosts in North America
were chosen for further analysis (Figure 3-1F, Table 3-1). The sequences were phage-
displayed as before. Despite their close similarity to EpNeu (up to 92.3% similarity or only
one residue difference), none of the EpNeu homologs bound to Abs from aEp9(+) patients
(Figure 3-1E). A single EpNeu amino acid substitution, K142N (numbering from full-length

NA, Accession No. AID57909.1) in an HIN2 swine flu (2016) dramatically decreased binding
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affinity to Abs from aEp9(+) patients (p<0.0001 one-way ANOVA ad hoc Tukey). An epitope
H4N6 avian influenza A (2010) missing residue S141, but including conserved K142, also
greatly reduced binding to Abs from aEp9(+) patients (p<0.0001 one-way ANOVA ad hoc

Tukey) (Figure 3-1E, 3-1F). Therefore, S141 and K142 are critical for binding to aEp9 Abs.

Do Ep9 and EpNeu epitopes bind the same Abs? Data from 34 oEp9(+) patients
demonstrated a strong, highly significant correlation between levels of Abs binding to Ep9
and EpNeu epitopes in patient plasma (Figure 3-2A). Cross-reactivity was confirmed by a
sandwich-format assay requiring bivalent, simultaneous binding to both eGFP-fused Ep9
and phage-displayed EpNeu (Figure 3-2B, S3). Cross-reactive Ab binding both Ep9 and
EpNeu epitopes in pooled plasma from aEp9(+) patients, but not in «Ep9(-) patients with
other aNP Abs or healthy donors was demonstrated. Thus, we conclude that aEp9 Abs also

recognize the EpNeu epitope.
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Flu A 2014 Neuraminidase (N2)- SWISS-Model
Figure 3-2. Cross-reactive Ab binding to both Ep9 and EpNeu, and EpNeu epitope
prediction. A. Comparing normalized levels of phage-displayed Ep9 and EpNeu binding to
plasma-coated wells from individual aEp9(+) patients (n = 34). A strong correlation is
observed, as shown by the depicted statistics. Each point in panels A through C represents
data from individual patients. B. A schematic diagram of the sandwich ELISA to examine
cross-reactivity of aEp9 Abs. The assay tests for bivalent Ab binding to both Ep9 and EpNeu.
Pooled plasma from five aEp9(+) patients or five aEp9(-) patients with other aNP Abs was
tested for bivalent binding to both eGFP-fused Ep9 and phage-displayed EpNeu. Healthy
patient plasma was used as a negative control. For additional negative controls, phage-FLAG
and eGFP-FLAG replaced Ep9 and EpNeu, respectively (****p <0.0001 one-way ANOVA, ad
hoc Tukey and Dunnett’s test shown, with healthy plasma in the presence of EpNeu and Ep9
as negative control). Error bars represent SD. Individual points on bar graph represent
technical replicates. C. Linear and structural B-cell epitope prediction tools Bepipred 2.0 and
Discotope 2.0 suggested an extended, linear epitope region from the influenza A H3N2 2014
N4, including the eight residues of Ep9 Neu (light blue) with an additional ten, C-terminal
residues (dark blue). This extended, predicted epitope is termed EpPred. Structural epitope
predictions are underlined. Residues on EpNeu that are not aligned with Ep9 are depicted in
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orange. D. Structural model depicting the influenza A H3N2 2014 NA. The model was
generated using SWISS-Model based on the NA structure from influenza A H3N2 Tanzania
2010 (PDB: 4GZS). The NA structure highlights the EpNeu region (light blue), the extended
residues in EpPred (dark blue), potential glycosylation sites (light pink), and the residues
S141 and K142 (red), which are important for aEp9 Ab recognition. E. Dose-dependent
ELISA comparing binding of aEp9 Abs to Ep9, EpNeu and EpPred. Pooled plasma from five
aEp9(+) patients and five aEp9(-) patients were tested in triplicates with varying
concentrations of eGFP-fused epitopes. The data demonstrates the strongest interactions
occurred between aEp9 Abs and Ep9 with an approximately 2-fold decrease in aEp9 Abs
binding affinity for EpNeu. EpPred bound slightly stronger to aEp9 Abs than EpNeu; the
difference in trend lines of EpNeu and EpPred are statistically significant (p<0.0001,
Comparison of Fits). Trendlines represent non-linear regression fit with Hill slope analysis.

We then investigated whether EpNeu could present a viable antigen during infection
with 2014 H3N2 (NCBI: txid1566483). Linear epitope analysis of full-length NA protein
(Bepipred 2.0)13 predicted a candidate antigen with eight residues from EpNeu, including
S141 and K142, and ten additional residues (146-155). This predicted epitope region,
termed EpPred, includes the conserved catalytic NA residue D151 targeted for viral
neutralization by the immune system!* (Figures 2C, and S4A). A model structure of 2014
H3N2 NA from Swiss-Model?> and structural epitope prediction (Discotope 2.0)1¢ also
identified potential epitopes within EpPred (Figures 2C, D and S4B).

eGFP-fused EpPred (Figure 3-4B) was assayed with pooled plasma from five aEp9(+)
patients. Controls included EpNeu and Ep9 (positive) and eGFP FLAG (negative). The aEp9
Abs bound to Ep9 with ~2-fold stronger apparent affinity than for EpNeu (Figure 3-2E). The
increased binding strength of Ep9 could result from additional rounds of Ab affinity
maturation after the primary infection?. The longer length EpPred modestly improved upon
the binding of EpNeu to aEp9 Abs (Figure 3-2E). Thus, aEp9 Abs likely target a larger epitope

of H3N2 2014 NA beyond regions homologous to Ep9; full-length NA’s balkiness to
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overexpression makes this difficult to testl”. Additionally, the bacterially overexpressed
epitopes assayed here do not include post-translational modifications. Taken together, the
results support the hypothesis that «Ep9 Abs found in severe COVID-19 disease can result
from AIM with H3N2 influenza A. Unfortunately, patient histories typically do not include
influenza infections and vaccinations. Isolated from Para, Brazil, the H3N2 2014 strain has
unknown spread in North America. However, a severe outbreak of influenza A was recorded
in 20141819, Since only hemagglutinin was sequenced for strain identification in 201419, the
candidate AIM strain from the current investigation could not be effectively traced as only
its NA sequence was available. Notably, the EpNeu homolog from the 2014 vaccine H3N2
strain (identical to Flu A 2015 H3N2 NA, Accession No. ANM97445.1) does not bind aEp9
Abs (Figure 3-1E, 3-1F). Therefore, aEpNeu Abs must have been generated against a primary

influenza infection, not the vaccine.

This report offers a molecular mechanism for AIM underlying the high-rate of severe
COVID-19 in aEp9(+) patients. Specifically, we demonstrate cross-reactive binding between
aEp9 Abs and a predicted NA epitope from a 2014 influenza A strain. Future studies could
examine correlation between a country’s rate of the H3N2 2014 influenza and severe COVID-
19. Additionally, correlation could be tested using health systems that record influenza
infections. Examining epitope conservation and Ab cross-reactivity could predict AIM-based
immune responses and disease outcomes in future infections. Identifying detrimental,

benign or beneficial AIM pathways could also guide vaccine design.
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3.5 Materials and Methods

Sequence and structural alignment analysis. To identify possible sources of
primary infection responsible for BEp9 Ab generation, sequence and structural alignment
with Ep9 residues and the SARS-CoV-2 NP was conducted. Alignment of Ep9 sequence with
the orthologs from other human coronaviruses (hCoVs) such as SARS-CoV, MERS, HKU-1,
NL63, 229E and 0C43 was conducted using the Benchling sequence alignment tool 22

(https://benchling.com). To explore a wider range of human host pathogens pBLAST 10

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to search for Ep9 homology in a database

of non-redundant protein sequences; common human-host viruses were specified in the
organism category. The queries were conducted with the blastp (protein-protein BLAST)
program 10 with search parameters automatically adjusted for short input sequences.
Alignments spanning >7 residues were included here. The Vector Alignment Search Tool

(VAST) 11 (https://structure.ncbi.nlm.nih.gov/Structure /VAST /vast.shtml) was used to find

structural alignment between SARS-CoV-2 Ep9 and proteins from other viral and bacterial
human host pathogens. Alignment for NP from common hCoV were not further examined, as
they had been included in sequence alignment analysis. The aligned sequences were sorted
by the number of aligned residues as well as root-mean square deviation (RMDS). The top
50 structurally aligned proteins were then examined for structural homology in the Ep9
epitope region. Regions of proteins that aligned with the Ep9 region were selected for
subsequent analysis.

Cloning. Predicted AIM epitopes were subcloned for phage display using the
pM1165a phagemid vector 23 with an N-terminal FLAG-tag and a C-terminal P8 M13-

bacteriophage coat protein. AIM constructs were subcloned using the Q5 site-directed
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mutagenesis kit (New England Biolabs, Ipswich, MA) as per manufacturer’s instructions.
After cloning, cells were transformed into XL-1 Blue E. coli and spread on carbenicillin-
supplemented (50 pg/ml) plates. Individual colonies were then inoculated into 5 ml cultures,
and shaken overnight at 37 °C. The phagemid was isolated using the QIAprep spin miniprep
kit (Qiagen, Germantown, MD) as per manufacturer’s instructions. Cloned sequences were
verified by Sanger sequencing (Genewiz, San Diego, CA).

Phage propagation and purification. The Ep9 homologs were expressed as N-
terminal fusions to the P8 coat protein of M13 bacteriophage. Plasmids were transformed
into SS320 E. coli and spread onto carbenicillin-supplemented (50 pg/ml) LB-agar plates
before overnight incubation at 37 °C. A single colony was inoculated into a primary culture
of 15 ml of 2YT supplemented with 50 ug/ml carbenicillin and 2.5 pg/ml of tetracycline, and
incubated at 37 °C with shaking at 225 rpm until an optical density at 600 nm (ODeoo) of 0.5
to 0.7 was reached. 30 uM IPTG and M13KO7 helper phage at an MOI 4.6 was added to the
primary culture, and the culture was incubated for an additional 37 °C with shaking at 225
rpm for 45 min. 8 ml of the primary culture was then transferred to 300 ml of 2YT
supplemented with 50 pg/ml of carbenicillin and 20 ug/ml of kanamycin. The cultures were
inoculated at 30 °C with shaking at 225 rpm for around 19 h.

The phage propagation culture was centrifuged at 9632 x g for 10 min at 4 °C. The
supernatant, containing the phage, was transferred into a separate tubes pre-aliquoted with
1/5% volume of phage precipitation buffer (20% w/v PEG-8000 and 2.5 M NaCl), and
incubated on ice for 30 min. The solution, containing precipitated phage, was centrifuged for
15 min at 4 °C, and the supernatant was discarded. The precipitated phage was centrifuged

a second time at 1,541 x g for 4 min at 4 °C, and then dissolved in 20 ml of resuspension

77



buffer (10 mM phosphate, 137 mM NacCl, pH 7.4 - 8.0 with Tween-20 0.05%, v/v and glycerol
10% v/v). The resuspended pellet solution was divided into 1 ml aliquots, which were flash
frozen with liquid nitrogen for storage in -80 °C. Prior to use in ELISA binding assays, the
aliquoted phage-displayed constructs were re-precipitated in 0.2 ml of phage precipitation
buffer after incubation for 30 min on ice. Aliquots were centrifuged at 12298 x g for 20 min
at 4 °C and the supernatant was discarded. The phage pellets were re-centrifuged at 1968 x
g for 4 min at 4 °C, and then resuspended in 1 ml of 10 mM phosphate, 137 mM NaCl, pH 7.4.

Expression and purification of eGFP fusion peptides. pET28c plasmids encoding
eGFP fusions to C-terminal Ep9-FLAG, EpNeu-FLAG, EpPred-FLAG and FLAG (negative
control) and N-terminal Hiss peptide epitopes, were transformed into BL21DE3 Star E. coli
chemically competent cells. Transformants were spread on carbenicillin-supplemented (50
ng/ml) LB-agar plates and incubated at 37 °C overnight. Single colonies of each construct
were selected to inoculate 25 ml LB media supplemented with carbenicillin (50 ug/ml). After
incubation at 37 °C with shaking at 255 rpm overnight, 5 ml of seed cultures were used to
inoculate 500 ml of LB media supplemented with carbenicillin (50 pg/ml). Expression
cultures were incubated at 37 °C with shaking at 225 rpm until an ODeoo of ~0.5 was reached.
The cultures were induced with 0.5 mM IPTG and incubated at 25 °C for 18 h. The cells were
pelleted by centrifugation at 9632 x g for 20 min and resuspended in Tris-HCI lysis buffer
(20 mM Tris-HCl, 250 mM NacCl, pH 8). Cells were lysed by sonication and the insoluble
fractions were pelleted by centrifugation at 24696 x g. The supernatant was affinity-purified
using Profinity™ IMAC (BioRad, Hercules, CA) resin charged with nickel sulfate. The protein
lysate was batch bound overnight to the IMAC resin and purified using gravity columns.

Columns were washed with lysis buffer supplemented with 20 mM imidazole, and the elution
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fractions were collected from lysis buffer containing 250 mM imidazole. The elution fractions
were then buffer-exchanged with lysis buffer lacking imidazole using Vivaspin® 20
Ultrafiltration Units (Sartorius, Goettingen, Germany) with a molecular weight cutoff of 10
kDa. The final buffer imidazole concentrations were calculated to be ~0.1 mM. Purified and
buffer-exchanged protein fractions were then visualized using 10% SDS-PAGE with
Coomassie dye staining.

Patient sample collection. Samples were collected as previously described °. Briefly, the
UC Irvine Experimental Tissue Resource (ETR) operates under a blanket IRB protocol (UCI
#2012-8716) which enables sample collection in excess of requirements for clinical
diagnosis, and allows distribution to investigators. Plasma was collected from daily blood
draws of COVID(+) patients, initially confirmed with pharyngeal swabs. After immediate
centrifugation, plasma from heparin-anticoagulated blood was stored for 3-4 days at 4 °C
prior to its release for research use. Personal health information was omitted and unique
de-identifier codes were assigned to patients to comply with the Non-Human Subjects
Determination exemption from the UCI IRB. At the research facility, SARS-CoV-2 virus in
plasma samples was inactivated through treatment by incubation in a 56 °C water bath for
30 min24 prior to storage at -80 °C.

Phage ELISAs. As described in previous reports °, pooled plasma from five aEp9(+)
patients, five aEp9(-) patients, or healthy patients (Sigma-Aldrich, Saint Louis, MO) were
separately prepared in coating buffer (50 mM NazCOs, pH 9.6); the plasma was diluted 100-
fold during this step. Plasma samples were then immobilized in 96 well microtiter plates by
shaking the plasma solutions at 150 rpm at room temperature (RT) for 30 min. After

aspiration and washing by plate washer (BioTek, Winooski, VT), each well was blocked
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with 100 pL of ChonBlock Blocking Buffer (CBB) (Chondrex, Inc.,, Woodinville, WA) for 30
mins, shaking at 150 rpm at RT. Wells were subsequently washed three times with PBS-T
(0.05% v/v Tween-20 in PBS). Next, 1 nM phage-displayed candidate “original” epitopes
and controls prepared in CBB was incubated in microtiter wells for 1 h at RT with shaking
at 150 rpm. Unbound phage were aspirated and removed using three washes with PBS-T.
The peroxidase-conjugated detection antibody, «M13-HRP (Creative Diagnostics, Shirley,
NY), was diluted 1000-fold in Chonblock Secondary Antibody Dilution (Chondrex, Inc.,
Woodinville, WA) buffer; 100 ul of this solution was added to each well before incubation
for 30 min at RT with shaking at 150 rpm. Following aspiration and three washes (100 pl
each), 1-Step Ultra TMB-ELISA Substrate Solution (ThermoScientific, Carlsbad, CA) was
added (100 pl per well). Absorbance of TMB substrate was measured twice at 652 nm by
UV-Vis plate reader (BioTek Winooski, VT) after 5 and 15 min of incubation. The
experiment was repeated three times using plasma from different aEp9(+) and aEp9(-)
patients for each experiments, using a total of 15 patients for each group. Each experiment
was conducted in technical duplicate.

aEp9 IgG and IgM ELISA. Plasma from 34 patients, previously tested for the
presence of aEp9 Abs using phage ELISAs®, were used to test levels of aEp9 IgGs and IgMs.
2 uM eGFP-Ep9 or eGFP-FLAG in PBS pH 8.0 were immobilized onto 96 well microtiter
plates via overnight incubation with shaking at 150 rpm at 4 °C. Excess protein was
aspirated and removed with three consecutive PBS-T washes. Wells were blocked by
adding CBB (100 pl) before incubation at 30 min at RT with shaking at 150 rpm. Next,
aEp9(+) patient plasma, diluted 1:100 in CBB (100 pl), was added to duplicate wells before

incubation at RT for 1 h with shaking at 150 rpm. The solutions were discarded and sample

80



wells were washed with PBS-T three times. aEp9 Abs binding to the potential epitopes was
detected using horse radish peroxidase (HRP) conjugated aHuman Fc IgG (Thermo Fisher
Scientific, Waltham MA) or algM p-chain specific (Millipore Sigma, Temecula, CA) Abs
diluted 1:5000 in ChonBlock Sample Antibody Dilution buffer. 100 pl of detection Abs were
added to each sample well, and incubated for 30 min at RT with shaking at 150 rpm.
Sample wells were aspirated and washed three times in PBS-T, and the binding signal was
detected after addition of TMB substrate (100 pl per well).

Bivalent Abs binding ELISA. eGFP-Ep9 or eGFP-FLAG was serially diluted (120 nM,
40 nM, 13 nM and 4 nM) in PBS pH 8.0, and added to the appropriate wells in 96 well
microtiter plates, followed by shaking overnight at 150 rpm at 4 °C. Excess unbound
protein was removed, and the plate was washed three times in PBS-T. Wells were then
blocked in CBB and incubated for 30 min at RT. After blocking, pooled plasma (100 ul per
well) from either five aEp9(+) patients, or five non-aEp9, aNP(+) patients, or healthy
individuals was added to the appropriate wells. Plasma from pooled patients was diluted
100-fold in CBB. As a positive control aFLAG Ab was used as a 1:2000 dilution in CBB.
Samples were incubated for 1 h at RT with 150 rpm shaking. The solution was removed by
aspiration, and the plate and washed three times with PBS-T. Then 1 nM EpNeu displaying
phage or the phage negative control with no epitopes displayed was diluted in CBB. 100 pl
phage solution was added to microtiter wells and incubated for 30 min at RT with shaking
at 150 rpm. After aspirating and washing off unbound phage, binding of phage-displayed
EpNeu to plasma aEp9 Abs was visualized using aM13-HRP Ab diluted 1:10,000 in
ChonBlock Sample Antibody Dilution buffer. Samples were incubated for 30 min at RT with

150 rpm shaking, and unbound Abs were removed through washing with PBS-T three
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times before addition of TMB substrate (100 pl). Experiments were conducted in technical
triplicates and repeated three times with different aEp(+) and aEp(-) patient samples.

Dose-dependent ELISA. Wells of microtiter plates were coated with serially diluted
concentration of eGFP-Ep9, EpNeu and EpPred or eGFP-FLAG, and incubated overnight at 4
°C before blocking as described above. Next, pooled plasma (100 pl per well) from either
five aEp9(+) patients, or five aEp9(-) patients, or healthy individuals at 1:100 total plasma
dilution in CBB was added to the appropriate wells. Samples were incubated for 1 h at RT
with shaking at 150 rpm. After incubation, unbound solution was removed, and the plates
were washed three times with PBS-T. aEp9 IgG levels were detected by adding aFc IgG-
HRP diluted 1:5000 in ChonBlock Sample Dilution buffer, followed by incubation for 30
min at RT with shaking at 150 rpm, followed by addition of TMB substrate (100 pl per
well). Experiments were conducted in technical triplicates and repeated three times with
different aEp(+) and aEp(-) patient samples.

Linear B-cell epitope prediction. Linear epitopes from the Influenza
A/Para/128982-1EC/2014(H3N2) neuraminidase protein were predicted using the partial
sequence with Accession AIX95025.1 from the National Center for Biotechnology
Information’s GenBank and the linear B-cell epitope prediction tool, Bepipred 2.013

(http://www.cbs.dtu.dk/services/BepiPred-2.0/). The prediction thresholds were set to

0.5. The specificity and sensitivity of epitope prediction at this threshold is 0.572 and
0.586, respectively.

Structure-based B-cell epitope prediction. The structure of Influenza
A/Para/128982-1EC/2014(H3N2) neuraminidase protein was modelled using Swiss-

Model?! (https://swissmodel.expasy.org/interactive). Using the ProMod3 3.2.0 tool®>, a
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structural model was generated based on the crystal structure (2.354A, PDB 4GZS 1.A) of a
homologous H3N2 neuraminidase with 96.39% sequence identity. Modelling methods and
quality assessments are further detailed in the report below.

The structural model of Influenza A/Para/128982-1EC/2014(H3N2) neuraminidase
was used to predict structure-based epitopes. Using the in silico online platform Discotope

2.016  (http://www.cbs.dtu.dk/services/DiscoTope-2.0/),  structure-based  epitope

propensity scores were calculated to predict likely B-cell epitope residues. The score of -3.7
was set as the threshold for epitope prediction, which estimates a specificity and sensitivity
of 0.75 and 0.47, respectively (Figure 3-6)

Statistical analysis. The ELISA data were analyzed in GraphPad Prism 9

(https://www.graphpad.com). Since the ELISA assays of 21 potential AIM epitopes were

conducted over several microtiter plates for repeated experiments, the raw absorbance
values for every patient sample were normalized and represented as the ratio of phage
negative control to the signal. For heatmaps, two-way Analysis of variance (ANOVA) with a
Tukey adjustment for multiple comparisons tests were conducted for the entire dataset of
epitopes. For column comparisons of two groups, for example IgM levels and IgG levels in
the aEp(+) patients, unpaired, two-tailed, parametric t-tests were applied. Additionally, for
column comparisons between more than two groups, for example IgM or IgG levels groups
by weeks PSO, One-way ANOVA with a Tukey adjustment for multiple comparisons tests
were used. Where indicated, an ANOVA with a Dunnett’s adjustment were performed to
compare results to healthy Abs interactions to aEp9(+) patient results. Graphs represent SD
error bars for technical replicates, defined as replicates of the same conditions in multiple

wells of the same plate. Whereas error bars are shown as SEM when an experiment is
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repeated with different patient sample sets. Correlations between Ep9 and EpNeu levels in
patients were determined by plotting normalized values on an XY graph and performing a
linear Pearson’s correlation coefficient test, where a r coefficient between 1.0-0.7 were
considered strong correlations, values between 0.7 and 0.5 were considered a moderate
correlation, and values below 0.5 were considered a weak correlation?>. The significance of

the correlation was evaluated based on p-value <0.05.
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pay BIOZENTRUM SWISS-MODEL Homology Modelling Report

Univat Basel
The Cenler for Malecular Life Sciences

Model Building Report

This document lists the results for the homology modelling project "Untitled Project" submitted to SWISS-MODEL workspace
on March 30, 2021, 10:35 a.m..The submitted primary amino acid sequence is given in Table T1.

If you use any results in your research, please cite the relevant publications:

« Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., Heer, F.T., de Beer, T.A.P., Rempfer,
C., Bordoli, L., Lepore, R., Schwede, T. SWISS-MODEL: homology modelling of protein structures and complexes.
Nucleic Acids Res. 46(W1), W296-W303 (2018). Iy

« Bienert, S., Waterhouse, A., de Beer, T.A.P.,, Tauriello, G., Studer, G., Bordoli, L., Schwede, T. The SWISS-MODEL
Repository - new features and functionality. Nucleic Acids Res. 45, D313-D319 (2017). I

« Studer, G., Tauriello, G., Bienert, S., Biasini, M., Johner, N., Schwede, T. ProMod3 - A versatile homology modelling
toolbox. PLOS Comp. Biol. 17(1), 1008667 (2021). Iffy

« Studer, G., Rempfer, C., Waterhouse, A.M., Gumienny, G., Haas, J., Schwede, T. QMEANDIsCo - distance constraints
applied on model quality estimation. Bioinformatics 36, 1765-1771 (2020). Iy

= Bertoni, M., Kiefer, F., Biasini, M., Bordoli, L., Schwede, T. Modeling protein quaternary structure of homo- and hetero-
oligomers beyond binary interactions by homology. Scientific Reports 7 (2017). %y

Results

The SWISS-MODEL template library (SMTL version 2021-03-25, PDB release 2021-03-19) was searched with BLAST
(Camacho et al.) and HHblits (Steinegger et al.) for evolutionary related structures matching the target sequence in Table T1.
For details on the template search, see Materials and Methods. Overall 189 templates were found (Table T2).

Models

The following model was built (see Materials and Methods "Model Building"):

Model

#01 File Built with Oligo-State Ligands GMQE QMEAN
4 x CA: CALCIUM ION;
o) 1 x NAG: 2-acetamido-2-deoxy-beta-D-
PDB ProMod3  homo-tetramer (matching glucopyranose; 0.95 140

3.2.0 prediction) 1 x NAG-FUC: alpha-L-fucopyranose-(1-
6)-2-acetamido-2-deoxy-beta-D-
glucopyranose;

a@@ )

avean [N -1 40
ce NN -7
Al Ao [T -1 55
solvation _ -1.52
torsion _ -0.61 Residue Number Protein Size (Residues)

Seq . Found . Seq oo
Template Identity Oligo-state QSQE by Method Resolution Similarity Range Coverage Description
4gzs 1A 96.39 homo- 460 HHblits X-ray  2.35A 0.62 1 1.00  Neuraminidase
tetramer 360

Included Ligands

Ligand Description

4 x CA CALCIUM ION

1 x NAG 2-acetamido-2-deoxy-beta-D-glucopyranose

1 x NAG-FUC alpha-L-fucopyranose-(1-6)-2-acetamido-2-deoxy-beta-D-glucopyranose
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Excluded ligands
Ligand Reason for

Name.Number Exclusion Description
CA16 Not in contact with CALCIUM ION
model.
EPE.10 Nmfglig\'f;%:tca”y 4-(2-HYDROXYETHYL)-1-PIPERAZINE ETHANESULFONIC ACID
EPE.13 Not blologically 4-(2-HYDROXYETHYL)-1-PIPERAZINE ETHANESULFONIC ACID
EPE.18 ot biclogically 4-(2-HYDROXYETHYL)-1-PIPERAZINE ETHANESULFONIC ACID
EPE.22 Nmﬁ;\;’tﬁ:,‘fﬁ”y 4-(2-HYDROXYETHYL)-1-PIPERAZINE ETHANESULFONIC ACID
Clashing with )
NAG. 11 d 2-acetamido-2-deoxy-beta-D-glucopyranose
protein.
Clashing with .
NAG.14 ? 2-acetamido-2-deoxy-beta-D-glucopyranose
protein.
NAG.15 Clashlng_ with 2-acetamido-2-deoxy-beta-D-glucopyranose
protein.
NAG.19 CIaShlng with 2-acetamido-2-deoxy-beta-D-glucopyranose
protein.
NAG.20 Not mrﬁggt;d with 2-acetamido-2-deoxy-beta-D-glucopyranose
Clashing with .
NAG.24 d 2-acetamido-2-deoxy-beta-D-glucopyranose
protein.
NAG-FUC.2 Cla;:)'{] eg: nW'th alpha-L-fucopyranose-(1-6)-2-acetamido-2-deoxy-beta-D-glucopyranose
NAG-FUC 4 Clapsrr:)lseginwﬂh alpha-L-fucopyranose-(1-6)-2-acetamido-2-deoxy-beta-D-glucopyranose
Not in contact with 2-acetamido-2-deoxy-beta-D-glucopyranose-(1-4)-2-acetamido-2-deoxy-beta-D-
NAG-NAG.8
model. glucopyranose
. . alpha-D-mannopyranose-(1-3)-[alpha-D-mannopyranose-(1-6)]beta-D-
NAG-NAG-BMA- Clashing with !
MAN-MAN 1 protein. mannopyranose-(1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose-(1-4)-2-

acetamido-2-deoxy-beta-D-glucopyranose
] ) ) . X alpha-D-mannopyranose-(1-3)-[alpha-D-mannopyranose-(1-6)]beta-D-
N?ﬂimﬁMGAEII\gA Clasgtr;ginwﬂh mannopyranose-(1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose-(1-4)-2-
’ P . acetamido-2-deoxy-beta-D-glucopyranose
] g ) ) . alpha-D-mannopyranose-(1-3)-[alpha-D-mannopyranose-(1-6)]beta-D-
N?ﬂimﬁMGAﬁl\gA CIaS:)T e? nwnth mannopyranose-(1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose-(1-4)-2-
' P : acetamido-2-deoxy-beta-D-glucopyranose
alpha-D-mannopyranose-(1-3)-[alpha-D-mannopyranose-(1-6)]beta-D-
mannopyranose-(1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose-(1-4)-2-
acetamido-2-deoxy-beta-D-glucopyranose

NAG-NAG-BMA- Not biologically
MAN-MAN.7 relevant.

Target AGGDIWVTREPYVSCDPDKGNQFALGQGTTLSKGHSNNTVRDRTPYRTLLMNELGVPFHLGTKQVCIAWSSSSCHDGKAW
4gzs.1.A AGGDIWVTREPYVSCDPDKCYQFALGQGTTLNNVHSNNTVRGRTPYRTLLMNELGVPFHLGTKQVCIAWSSSSCHDGKAW

Target LHVCITGDDKNATASFIYNGRLVDSVVSWSKEVLRTQESECVCINGTCTVVMTDGSASGKADTKILFIEEGKIVHTSTLS
4gzs.1.A LHVCITGDDKNATASFIYNGRLVDSVVSWSKEILRTQESECVCINGTCTVVMTDGSASGKADTKILFIEEGKIVHTSTLS

Target GSAQHVEECSCYPRYPGVRCVCRDNWKGSNRPIVDINIKDHSIVSSYVCSGLVGDTPRKNDSSSSGHCLNPNNEEGGHGY
4gzs.1.A GSAQHVEECSCYPRYPGVRCVCRDNWKGSNRPIVDINIKDHSIVSSYVCSGLVGDTPRKNDSSSSSHCLDPNNEEGGHGY

Target KGWAFDDGNDVWMGRTINETSRLGYETFKVIEGWSNPKSKLQINRQVIVDRGDRSGYSGIFSVEGKSCINRCFYVELIRG
4gzs.1.A KGWAFDDGNDVWMGRTINETSRLGYETFKVIEGWSNPKSKLQINRQVIVDRGNRSGYSGIFSVEGKSCINRCFYVELIRG

Target RKEETEVLWTSNSILLFCGTSGTYGTGSWPDAADLNLMPI
4gzs.1.A RKEETEVLWTSNSIVVFCGTSGTYGTGSWPDGADLNLMPI
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Target AGGDIWVTREPYVSCDPDKGNQFALGQGTTLSKGHSNNTVRDRTPYRTLLMNELGVPFHLGTKQVCIAWSSSSCHDGKAW
4gzs.1.B  AGGDIWVTREPYVSCDPDKCYQFALGQGTTLNNVHSNNTVRGRTPYRTLLMNELGYPFHLGTKQVCIAWSSSSCHDGKAW

Target LHVCITGDDKNATASFIYNGRLVDSVVSWSKEVLRTQESECVCINGTCTVVMTDGSASGKADTKILFIEEGKIVHTSTLS
4gzs.1.B LHVCITGDDKNATASFIYNGRLVDSVVSWSKEILRTQESECVCINGTCTVVMTDGSASGKADTKILFIEEGKIVHTSTLS

Target GSAQHVEECSCYPRYPGVRCVCRDNWKGSNRPIVDINIKDHSIVSSYVCSGLVGDTPRKNDSSSSGHCLNPNNEEGGHGY
4gzs.1.B  GSAQHVEECSCYPRYPGVRCVCRDNWKGSNRPIVDINIKDHSIVSSYVCSGLVGDTPRKNDSSSSSHCLDPNNEEGGHGY

Target KGWAFDDGNDVWMGRTINETSRLGYETFKVIEGWSNPKSKLQINRQVIVDRGDRSGYSGIFSVEGKSCINRCFYVELIRG
4gzs.1.B  KGWAFDDGNDVWMGRTINETSRLGYETFKVIEGWSNPKSKLQINRQVIVDRGNRSGYSGIFSVEGKSCINRCFYVELIRG

Target RKEETEVLWTSNSILLFCGTSGTYGTGSWPDAADLNLMPI
4gzs.1.B  RKEETEVLWTSNSIVVFCGTSGTYGTGSWPDGADLNLMPI
Target AGGDIWVTREPYVSCDPDKGNQFALGQGTTLSKGHSNNTVRDRTPYRTLLMNELGVPFHLGTKQVCIAWSSSSCHDGKAW

4gzs.1.C AGGDIWVTREPYVSCDPDKCYQFALGQGTTLNNVHSNNTVRGRTPYRTLLMNELGVPFHLGTKQVCIAWSSSSCHDGKAW

Target LHVCITGDDKNATASFIYNGRLVDSVVSWSKEVLRTQESECVCINGTCTVVMTDGSASGKADTKILFIEEGKIVHTSTLS
4gzs.1.C LHVCITGDDKNATASFIYNGRLVDSVVSWSKEILRTQESECVCINGTCTVVMTDGSASGKADTKILFIEEGKIVHTSTLS

Target GSAQHVEECSCYPRYPGVRCVCRDNWKGSNRPIVDINIKDHSIVSSYVCSGLVGDTPRKNDSSSSGHCLNPNNEEGGHGY
4gzs.1.C GSAQHVEECSCYPRYPGVRCVCRDNWKGSNRPIVDINIKDHSIVSSYVCSGLVGDTPRKNDSSSSSHCLDPNNEEGGHGY

Target KGWAFDDGNDVWMGRTINETSRLGYETFKVIEGWSNPKSKLQINRQVIVDRGDRSGYSGIFSVEGKSCINRCFYVELIRG
4gzs.1.C KGWAFDDGNDVWMGRTINETSRLGYETFKVIEGWSNPKSKLQINRQVIVDRGNRSGYSGIFSVEGKSCINRCFYVELIRG

Target RKEETEVLWTSNSILLFCGTSGTYGTGSWPDAADLNLMPI
4gzs.1.C RKEETEVLWTSNSIVVFCGTSGTYGTGSWPDGADLNLMPI

Target AGGDIWVTREPYVSCDPDKGNQFALGQGTTLSKGHSNNTVRDRTPYRTLLMNELGVPFHLGTKQVCIAWSSSSCHDGKAW
4gzs.1.D AGGDIWVTREPYVSCDPDKCYQFALGQGTTLNNVHSNNTVRGRTPYRTLLMNELGVPFHLGTKQVCIAWSSSSCHDGKAW

Target LHVCITGDDKNATASFIYNGRLVDSVVSWSKEVLRTQESECVCINGTCTVVMTDGSASGKADTKILFIEEGKIVHTSTLS
4gzs.1.D LHVCITGDDKNATASFIYNGRLVDSVVSWSKEILRTQESECVCINGTCTVVMTDGSASGKADTKILFIEEGKIVHTSTLS

Target GSAQHVEECSCYPRYPGVRCVCRDNWKGSNRPIVDINIKDHSIVSSYVCSGLVGDTPRKNDSSSSGHCLNPNNEEGGHGY
4gzs.1.D GSAQHVEECSCYPRYPGVRCVCRDNWKGSNRPIVDINIKDHSIVSSYVCSGLVGDTPRKNDSSSSSHCLDPNNEEGGHGY

Target KGWAFDDGNDVWMGRTINETSRLGYETFKVIEGWSNPKSKLQINRQVIVDRGDRSGYSGIFSVEGKSCINRCFYVELIRG
4gzs.1.D KGWAFDDGNDVWMGRTINETSRLGYETFKVIEGWSNPKSKLQINRQVIVDRGNRSGYSGIFSVEGKSCINRCFYVELIRG

Target RKEETEVLWTSNSILLFCGTSGTYGTGSWPDAADLNLMPI
4gzs.1.D RKEETEVLWTSNSIVVFCGTSGTYGTGSWPDGADLNLMPI

Materials and Methods

Template Search

Template search with BLAST and HHblits has been performed against the SWISS-MODEL template library (SMTL, last
update: 2021-03-25, last included PDB release: 2021-03-19).

The target sequence was searched with BLAST against the primary amino acid sequence contained in the SMTL. A total of
103 templates were found.
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An initial HHblits profile has been built using the procedure outlined in (Steinegger et al.), followed by 1 iteration of HHblits
against Uniclust30 (Mirdita, von den Driesch et al.). The obtained profile has then be searched against all profiles of the
SMTL. A total of 104 templates were found.

Template Selection

For each identified template, the template's quality has been predicted from features of the target-template alignment. The
templates with the highest quality have then been selected for model building.

Model Building

Models are built based on the target-template alignment using ProMod3 (Studer et al.). Coordinates which are conserved
between the target and the template are copied from the template to the model. Insertions and deletions are remodelled using
a fragment library. Side chains are then rebuilt. Finally, the geometry of the resulting model is regularized by using a force
field.

Model Quality Estimation
The global and per-residue model quality has been assessed using the QMEAN scoring function (Studer et al.).
Ligand Modelling

Ligands present in the template structure are transferred by homology to the model when the following criteria are met: (a)
The ligands are annotated as biologically relevant in the template library, (b) the ligand is in contact with the model, (c) the
ligand is not clashing with the protein, (d) the residues in contact with the ligand are conserved between the target and the
template. If any of these four criteria is not satisfied, a certain ligand will not be included in the model. The model summary
includes information on why and which ligand has not been included.

Oligomeric State Conservation

The quaternary structure annotation of the template is used to model the target sequence in its oligomeric form. The method
(Bertoni et al.) is based on a supervised machine learning algorithm, Support Vector Machines (SVM), which combines
interface conservation, structural clustering, and other template features to provide a quaternary structure quality estimate
(QSQE). The QSQE score is a number between 0 and 1, reflecting the expected accuracy of the interchain contacts for a
model built based a given alignment and template. Higher numbers indicate higher reliability. This complements the GMQE
score which estimates the accuracy of the tertiary structure of the resulting model.
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Table T1:

Primary amino acid sequence for which templates were searched and models were built.

AGGDIWVTREPYVSCDPDEGNQFALGOGTTLSKGHSNNTVRDRTPYRTLLMNELGVPFHLGTKQVC TAWSSSSCHDCKAWLHVCITGDDENATASFIYNG
RLVDEVVSWSKEVLRTQESECVCINGTCTVVMTDGSASGKADTKILFIEEGKIVHTSTLSGSAQHVEECSCYPRY PGVRCVCRDNWEGSNREIVDINIKD
HSTVSSYVCSGLVGDTPRKNDSSSSGHCLNPNNEEGGHGVKGWAFDDGNDVWMGRT INETSRLGYETFKVIEGHSNPKSKLOINRQVIVDRGDRSGYSGT
FSVEGKSCINRCFYVELIRGRKEETEVLWTSNSILLFCGTSGTYGTGSWPDAADLNLMPT

o
S

Table T2:
Seq Oligo- Found . Seq .
Template Identity state QSQE by Method Resolution Similarity Coverage Description
4gzs.1.A  96.39 tgt??n?ér 1.00 HHblits X-ray  2.35A 0.62 1.00 Neuraminidase
4g701A  96.67 l:t?arlnrr?e-:r 1.00 HHblits X-ray — 2.60A 0.62 1.00 neuraminidase
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Template
3tia.1.A
4k1j.1.A

4h52.1.A
5huk.1.A

6n4d.1.A
2bat.1.A
1ivg.1.A
live.1.A
1inh.1.A

1ing.1.A
Bbr5.1.A
2aep.1.A

6n6b.1.A
4mwx.1.B
4mwj.1.A
5nz4.1.A
2b8h.1.A
4m3m.1.A
5114.1.A
4mwj.1.A
2b8h.1.A
1nna.1.D
4mju.1.A
4nn9.1.A
1mwe.1.C
Bpzw.1.A
6pze.1.A

6pze.1.A

Seq
Identity

82.78
82.78
82.78
79.72
79.17
83.06
82.78
82.78
82.78

82.78
95.83
90.56

89.17
47.62
47.90
46.05
47.62
44.94
47.90
49.72
49.43
49.15
45.51
49.15
49.15
47.90
47.90

49.72

Oligo-
state

homo-
tetramer

homo-
tetramer

homo-
tetramer

homo-
tetramer

homo-
tetramer

homo-
tetramer

homo-
tetramer

homo-
tetramer

homo-
tetramer

homo-
tetramer

monomer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer

homo-
tetramer

Found

QSQE by

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.86

0.85

0.88

0.85

0.87

0.84

0.84

0.84

0.84

0.84

0.83

0.83

0.87

0.83

0.83

HHblits

HHblits

HHblits

HHblits

HHblits

HHblits

HHblits

HHblits

HHblits

HHblits
HHblits
HHblits

HHblits

HHblits

HHblits

HHblits

HHblits

HHblits

HHblits

BLAST

BLAST

BLAST

HHblits

BLAST

BLAST

HHblits

HHblits

BLAST

Method Resolution

X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray

X-ray
X-ray
X-ray

X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
EM
X-ray

X-ray

1.80A
2.20A
1.80A
2.45A
1.80A
2.00A
1.90A
2.40A
2.40A

2.40A
2.04A
2.10A

2.30A
1.80A
1.80A
1.36A
2.20A
2.10A
1.90A
1.80A
2.20A
2.50A
2.35A
2.30A
1.70A
NA
2.30A

2.30A
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Similarity
0.57
0.57
0.57
0.57
0.56
0.57
0.57
0.57
0.57

0.57
0.62
0.60

0.60
0.44
0.44
0.43
0.44
043
0.44
0.45
0.45
0.44
0.43
0.44
0.44
0.44
0.44

0.45

Coverage
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00

1.00
0.99
0.99
0.98
0.99
0.99
0.99
0.98
0.98
0.98
0.99
0.98
0.98
0.99
0.99

0.98

Description
Neuraminidase
Neuraminidase
Neuraminidase
Neuraminidase
Neuraminidase

NEURAMINIDASE N2

INFLUENZA A SUBTYPE N2
NEURAMINIDASE

INFLUENZA A SUBTYPE N2
NEURAMINIDASE

INFLUENZA A SUBTYPE N2
NEURAMINIDASE

INFLUENZA A SUBTYPE N2
NEURAMINIDASE

Neuraminidase

neuraminidase
Neuraminidase
Neuraminidase
Neuraminidase
neuraminidase
Neuraminidase
Neuraminidase
Neuraminidase
Neuraminidase
Neuraminidase
NEURAMINIDASE
Neuraminidase
NEURAMINIDASE N9
NEURAMINIDASE
Neuraminidase
Neuraminidase

Neuraminidase



Template
6pzf.1.A
1nca.2.C
1ncd.1.A
1nmb.1.A
4d8s.1.A
4gb1.1.A
4b7q9.1.A
309].1.A
4mjv.1.A
2ht7.1.A
4ksb5.1.A
6crd.1.D
6¢rd.1.B
6c¢rd.1.C
1ncc.1.A
1ncd.1.A
Tnmb.1.A
6lxk.1.A
1nma.1.A

1nma.1.A

Seq
Identity

47.90
49.15
47.90
47.90
45.79
45.79
46.18
4592
45.79
45.51
44.94
49.15
49.15
49.15
49.15
49.43
49.43
48.13
47.62

49.43

Oligo-
state
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer
homo-
tetramer

QSQE

0.84

0.84

0.84

0.81

0.88

0.85

0.85

0.84

0.83

0.81

0.77

0.75

0.75

0.75

0.86

0.83

0.81

0.84

0.68

0.65

Found
by

HHblits
BLAST
HHblits
HHblits
HHblits
HHblits
HHblits
HHblits
HHblits
HHblits
HHblits
BLAST
BLAST
BLAST
BLAST
BLAST
BLAST
BLAST
HHblits

BLAST

Method Resolution

X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray

X-ray

2.80A
2.50A
2.90A
2.20A
2.40A
2.62A
2.73A
2.00A
2.65A
2.60A
2.70A
2.57A
2.57A
2.57A
2.50A
2.90A
2.20A
3.61A
3.00A

3.00A

Seq

Similarity

0.44

0.44

0.44

0.44

0.43

0.43

0.43

0.43

0.43

0.43

0.43

0.44

0.44

0.44

0.44

0.45

0.45

0.44

0.44

0.45

Coverage

0.99

0.98

0.99

0.99

0.99

0.99

0.98

0.99

0.99

0.99

0.99

0.98

0.98

0.98

0.98

0.98

0.98

0.96

0.99

0.98

Description

Neuraminidase

INFLUENZA A SUBTYPE N9
NEURAMINIDASE

INFLUENZA A SUBTYPE N9
NEURAMINIDASE

N9 NEURAMINIDASE
Neuraminidase
Neuraminidase

NEURAMINIDASE
Neuraminidase
Neuraminidase
Neuraminidase
Neuraminidase

Tetrabrachion,Neuraminidase
Tetrabrachion,Neuraminidase

Tetrabrachion,Neuraminidase

INFLUENZA A SUBTYPE N9
NEURAMINIDASE

INFLUENZA A SUBTYPE N9
NEURAMINIDASE

N9 NEURAMINIDASE
Neuraminidase
N9 NEURAMINIDASE

N9 NEURAMINIDASE

The table above shows the top 50 filtered templates. A further 83 templates were found which were considered to be less

suitable for modelling than the filtered list.

1ad4g.1.A, 1b9v.1.D, 1inf.1.A, 1iny.1.A, 117g.1.A, 1mwe.1.C, 1nca.2.C, 1nch.1.A, 1ncc.1.A, 1nna.1.D, 1vcj.1.A, 2ht7.1.A,
2htv.1.A, 2hu0.1.A, 2qwd.1.A, 3b7e.1.A, 3cl0.1.A, 3cl2.1.A, 3cye.1.A, 3f14.1.A, 3k36.1.A, 3k38.1.A, 3nn9.1.A, 309j.1.A,
3sal.1.A, 4b7m.1.C, 4b7q.1.A, 4b7r.1.A, 4cpl.1.A, 4cpo.1.A, 4d8s.1.A, 4fvk.1.A, 4gb1.1.A, 4gdi.1.A, 4gdi.1.B, 4gdj.1.A,
4gez.1.A, 4h53.1.A, 4h53.1.D, 4hzv.1.A, 4hzy.1.A, 4hzz.1.A, 4k3y.1.A, 4k3y.1.C, 4ks5.1.A, 4m3m.1.A, 4mc7.1.A, 4mju.1.A,
4mjv.1.A, 4mwx.1.B, 4nn9.1.A, 4gn3.1.A, 4gn4.1.A, 4qnp.1.A, 4wab.1.D, bhug.1.A, 5hum.1.A, 5hun.1.A, 5114.1.A, 5nn9.1.A,
5nwe.1.A, 5nz4.1.A, 5nze. 1.A, 5nzf.1.A, 5nzn.1.A, 6¢rd.1.A, 6erd.1.B, 6¢rd.1.C, 6¢rd.1.D, 6d96.1.A, 6901.2.D, 6hfy.1.D,
6hp0.1.C, 6lxi.1.A, 6lxk.1.A, 6nn9.1.A, 6pzf.1.A, 6pzw.1.A, 6q20.1.A, 6423.1.A, 6v4n.1.A, 6v40.1.A, 7cm1.1.A

90



Table 3-1. Potential “original” epitopes targeted by aEp9 Abs

Construct #

Phage-displayed constructs

1 SARS-COV-2 (Ep9) Nucleacapsid QQX29443 1 152-172 ANNAAIVLQLPQGTTLPKGFY -

2 SARS-COV-1 Nucleocapsid YP_ 1.1 153-173 NNNAATYLQLPQGTTLPKGFY 90.5
3 MERS i YP_009047211.1 141-151 NNDSAIVTQFAPGTKLPKNFH 66.7
4 Human coronavirus HKU1 YP_173242.1 166-186 TTQEAIPTRFPPGTILPQGYY 57.1
5 Human coronavirus NLG3 Nucleacapsid YP_003771.1 119-136 NQKPLEPKFSIALPPELS 13.8
6 Human coronavirus OC43 Nucleocapsid YP_009555245.1 167-187 SSDEAIPTRFPPGTVLPQGYY 71.4
7 Human coronavirus 229E Nucleocapsid AGW80953.1 122-138 SEPEIPHFNQKLPNGVT 214
8 Human adenovirus 61 Hexon AQQB81927 1 123-164 ANNAATPQVVFYTEDVNLEMPDTHLVFKPAVPNGTIASESLL 17.6
9 Human mastadenovirus E PVII YP_068038.1 76-114 AALVYQEIPQPTTVLLPRDAQAEVALTNSGVQLAGGATL 3

10 Influenza A virus (A/Utah/40/2017) PB2 polymerase AVHT7902.1 225-244 GSVYIEVLHLTQGTCWEQMY 4.7

Influenza A virus (EpNeu)
11 (A/Para/128382-IEC/2014(H3N2) Neuraminidase, partial AlX95025.1 34-46 ALGQGTTLSKGHS 38.1
Influenza B virus
12 (B/California/88/2019) Neuraminidase QIA55965.1 67-79 ATKGVVLLLPEPE 28.6
Influenza C virus

13 (C/Singapore/DS0-070193/2006) Polymerase PB1, partial AFV68302.1 119-145 AATALQLTVDAIKETEGPFKGTTMLEY 34.4
14 Human respiratory syncytial virus A Fusion protein ASU44644.1 87-100 NNAVTELQLLMQST 38.1
15 Human respiratory syncytial virus A Attachment glycoprotein ART28426.1 108-116 GTTPQSTTIPA 28.6
16 Human metap i Nucleoprotein, partial ABO15448.1 11-33 TTTAVTPSSLPQEITLLCGEILY 34.8
17 Human metapneumovirus Attachment glycoprotein, partial AEW90340.1 57-72 PQQTTDKHTALPKSIY 30.8
18 Human betaherpesvirus 6A iate Early protein 2 AGJ52064.1 1396-1422 AATPIDFVGAVKTCNKYAKDNPKEIVL 10

19 Verrucomicrebia bacterium NADH-guinone oxidoreductase (NOX) PYJ45937.1 76-89 AGVVLQLPQGTTL 57.1

V
dehydrogenase/methenyltetrahydrofolat

20 Clostridium butyricum e cyclohydrolase (MTHFD2) MBEG0B3617.1 94-104 IILQLFLPKKF 47.6

21 FL i Type |l secretion protein WP_118233983.1 77-99 VENGAIVLQYDKEIYLGLTENFF 48

22 Fi i i ter outer protein WP_005886362.1 449-460 NGAIVGDLVQGT 38.1
Influenza A virus

(A/swine/Missouri/A01774733/2016(H1N2) or 3-145/

23 AlPara/129501-IEC/2014{H3N2)) Neuraminidase ANK78229.1 / AIX95013 24-36 ALGQGTTLSNGHS 92.3
Influenza A

24 (Alswine/Minnesota/A01384278/2013(H3N2)) Neuraminidase AHA57095.1 134-146 ALGQGTTLNNGHS 92.3

Influenza A virus
25 (A/California/04/2009(H1N1)) Neuraminidase AJITE397 1 75-89 TFFLTQGALLNDKHS 46.7

Influenza A virus
26 (A/California/111/2015(H3N2)) Neuraminidase ANMIT445 1 133-145 ALGQGTTLNNVHS 84.6

Influenza A virus
27 (A/mallard/California/1156/2010(H4NG)) Neuraminidase AEK50938.1 133-142 ALSQGTTLKG 84.6

Influenza A virus
28 (A/Californial33/2011(H3N2)) Neuramidase AGLO6761.1 133-145 ALGQGTTLSNVHS 84.6

Influenza A virus (EpNeu Pred)
29 (A/Para/128982-IEC/2014(H3N2)) Neuraminidase, partial AlX95025.1 34-56 ALGQGTTLSKGHSNNTVRDRTPY -

eGFP-fusion constructs

Influenza A virus (EpNeu) (A/Para/128982-
30 IEC/2014(H3N2)) Neuraminidase AIX95025.1 34-46 ALGQGTTLSKGHS -

Influenza A virus (EpNeu Pred)
31 (A/Para/128982-IEC/2014(H3N2)) Neuraminidase AlX95025.1 34-56 ALGQGTTLSKGHSNNTVRDRTPY -
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Table 3-2. Primers used to subclone potential original epitopes

Phage-displayed constructs

primer_1_F tcaagggactaccttgcccaaggggttctatGGTGGAGGATCCGGGAGC
1 primer_1_R ggtaattgtaacacgattgcagcgttattagc TCCACTTCCTTTATCATCGTCATCTTTATAATC
primer 2 F acttccacagggaacgacactgccaaagggattGGTGGAGGATCCGGGAGC
2 primer_ 2 R tgcagtacagtggcagcattgttatttccacttccTTTATCATCGTCATCTTTATAATCAACCAATGC
primer_3 F tcegggtacaaagttaccaaagaacttccacGGTGGAGGATCCGGGAGC
3 primer_3_R gcaaattgagtaactatcgctgaatcattgt TCCACTTCCTTTATCATCGTCATCTTTATAATC
primer_4_F tcccggaactatittaccccaaggatactatGGTGGAGGATCCGGGAGC
4 primer_4_R gggaatctagtgggaategecteetgagtagtTCCACTTCCTTTATCATCGTCATCTTTATAATC
primer_5_F agtattgccttgccacctgagttatctGGTGGAGGATCCGGGAGC
5 primer_5_R aaattteggticaageggcetittgatt TCCACTTCCTTTATCATCGTCATCTTTATAATC
primer_6_F tcegggtactgttttgectcagggttactacGGTGGAGGATCCGGGAGC
6 primer_6_R ggaaaccgegttgggatggcctcatcagaget TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_7_F ccagaaattgcegaacggegttactGGTGGAGGATCCGGGAGC
7 primer_7_R ttaaagtgagggatctctggotcgct TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_8_F TTCTAAATTCACATCCTCAGTATAGAACACGACTTGTGGGGTTGCTGCATTGTTGGCTTTATCATCGTCATCTTTATAATCAACCAATGC
8 primer_8 R ATGCCAGATACTCATTTGGTCTTCAAACCTGCGGTCCCGAATGGCACGATTGCTAGTGAATCTCTCCTCggtggaggatccgggage
primer_9_F ACGCGGGAGCAGCACTGTAGTCGGCTGAGGGATTTCCTGGTACACCAGGGCGGCTTTATCATCGTCATCTTTATAATCAACCAATGC
9 primer_9_R GACGCGCAAGCCGAGGTCCAGTTGACAAACAGCGGTGTACAATTGGCTGGCGGTGCCACTCTGygtggaggatccgggage
primer_10_F acacaaggcacttgctgggagcaaatgtatGGTGGAGGATCCGGGAGC
10 primer_10_R gaggtgcagcacttcaatatagactgacccTTTATCATCGTCATCTTTATAATCAACCAATGC
primer_11_F getttctaagggecacagcGGTGGAGGATCCGGGAGC
11 primer_11_R gtggtgecttggeccaatgc TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_12_F gotgettccggagecagagGGTGGAGGATCCGGGAGC
12 primer_12_R agcacgacgcctttegtagc TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_13_F gactgaaggtccttttaagggcacgacaatgttggaatatGGTGGAGGATCCGGGAGC
13 primer_13_R tctttaatggcatcgacegtaagttggagageegtegetgc TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_14_F caactcctcatgcagtctacaGGTGGAGGATCCGGGAGC
14 primer_14_R aagttctgtgacagcattgttTTTATCATCGTCATCTTTATAATCAACCAATGC
primer_15_F gacaaccatccctgcaGGTGGAGGATCCGGGAGC
15 primer_15_R gattgaggegtagtccc TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_16_F ggaaatcactctcttgtgcggcgaaatcttatatGGTGGAGGATCCGGGAGC
16 primer_16_R tgcggeaggcetagatggegtaactgecgtagtagtTTTATCATCGTCATCTTTATAATCAACCAATGC
primer_17_F acggcactgccgaagtccatctacGGTGGAGGATCCGGGAGC
17 primer_17_R atgcttgtcagtggtetgttgtggTTTATCATCGTCATCTTTATAATCAACCAATGC
primer_18_F caacaaatacgctaaggacaatccgaaagagategtgcttGGTGGAGGATCCGGGAGC
18 primer_18_R caggtcttgacagctccgacgaagtcgatgggegtageege TT TATCATCGTCATCTTTATAATCAACCAATGC
primer_19_F tccacaaggcaccacccttGGTGGAGGATCCGGGAGC
19 primer_19_R agctgecagcacgacgeeggcTTTATCATCGTCATCTTTATAATCAACCAATGC
primer_20_F gttacctaagaaattcGGTGGAGGATCCGGGAGC
20 primer_20_R ggaagetgcaaaataatTTTATCATCGTCATCTTTATAATCAACCAATGC
primer_21_F agagatttacctggggctgacagagaactttttGGTGGAGGATCCGGGAGC
21 primer_21_R ttgtcgtactgtaatacaattgegeogttctccacTTTATCATCGTCATCTTTATAATCAACCAATGC
primer_22_F gatttagtacagggtaccGGTGGAGGATCCGGGAGC
22 primer_22_R  |gcctacaatggcaccatt TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_23_F CGCTTTCTAAtGGCCACAGCG
23 primer 23_R |TGGTGCCTTGGCCCAATG
primer_24_F CACCACGCTTaacaatGGCCACAGCG
24 primer_24 R CCTTGGCCCAATGCTTTAT
primer_25_F |fcttttgaacgacaagcattcaGGTGGAGGATCCGGGAGC
25 primer_25 R gctcectgagtcagaaagaatgtTTTATCATCGTCATCTTTATAATCAACCAATGC
primer_26_F gttcatagtGGTGGAGGATCCGGGAGC
26 primer_26_R gtagtaccctggeccaaggc TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_27_F tgcgaacggtacgattcatgatcgticcecattcGGTGGAGGATCCGGGAGC
27 primer_27 R tgacgacctticagtgtegtgccttgagataacgc TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_28_F tttgtcgaatgtacactccGGTGGAGGATCCGGGAGC
28 primer_28 R gtggtaccctggecaagagc TTTATCATCGTCATCTTTATAATCAACCAATGC
primer_29_F ctcgaacaacaccgttcgegacegtactccgtacGGTGGAGGATCCGGGAGC
29 primer_29 R tgcccittagacagagtigtceetiggeccaaage TT TATCATCGTCATCTTTATAATCAACCAATGC
eGFP-fusion constructs
primer_30_F gotttctaagggecacagcAGCGGAAGTGGAGATTATAAAGATGAC
30 primer_30_R gtggtgecttggeccaatgcGGAGCTCCCGGATCCTCC
primer_31_F ctcgaacaataccgtccgegateggactccgtacAGCGGAAGTGGAGATTATAAAGATGAC
31 primer_31_R tgacccttgetcaaagtagtaccctgcccaagcgcGGAGCTCCCGGATCCTCC
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Figure 3-3. Early upregulation of aEp9 IgGs. ELISA of aEp9 A. IgG and B. IgM levels in
aEp9(+) patients (n = 34) from plasma collected at the indicated time periods post-symptom
onset (PSO). Statistical analysis was conducted using one-way ANOVA, ad hoc Tukey test.
Error bars represent SEM.
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Figure 3-4. Expression of phage-displayed and eGFP-fused potential AIM epitopes. A.
ELISA demonstrating the display of N-terminal FLAG-tagged potential epitopes fused to the
N-terminus of the P8 coat protein. Immobilized aFLAG Abs in microtiter wells bind the
displayed FLAG-tag and epitope, and binding is detected with aM-13-HRP Abs as usual.
Phage with no epitope displayed provide the negative control. Epitopes for mastadenovirus
protein (mAdV) P8 and V. bacterium NADH oxidoreductase (NOX) did not display. Error bars
represent SD values. B. 10% SDS-PAGE gel stained with Coomassie Blue shows His-tag
affinity-purified and buffer-exchanged eGFP-fused epitopes, EpPred, EpNeu, FLAG negative
control and Ep9.
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Figure 3-5. Optimization of assay to determine cross-reactivity of aEp9 Ab to Ep9 and
EpNeu. Sandwich ELISA testing the binding of Abs from the pooled plasma of five aEp9(+)
patients, five aEp9(-) patients with other aNP Abs and healthy individuals. This experiment
examines bivalent binding to various doses of immobilized eGFP-fused Ep9 epitope (120, 40,
13 and 4 nM) and phage-displayed EpNeu in solution. The data shows that Abs from aEp9(+)
patients, but not aEp9(-) or healthy individuals, bivalently bind both EpNeu and Ep9. The
positive control («FLAG 1:2000 fold dilution) at 100 nM eGFP demonstrates concentrations
appropriate for bivalent binding to immobilized and in-solution tags. The schematic diagram
illustrates the binding observed for bivalence in «tEp9 Abs, where the antibody bridges plate-
bound eGFP at its high concentrations. Therefore, Figure 3-2 in the main text uses 4 nM of
eGFP Ep9 coated on the plate, and the FLAG positive control uses eGFP at 100 nM. Error bars
represent SD.
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Figure 3-6. Linear and structural epitope mapping prediction of Influenza A H3N2
Neuraminidase. A. Linear epitope mapping prediction of the Flu A 2014 H3N2 using
Bepipred 2.012 demonstrates high prediction scores in a region spanning 18 residues,
which includes eight residues from EpNeu (underlined). The additional 10 predicted
residues were included as part of an extended epitope termed EpPred. B. Structural
epitope mapping, using Discotope 2.01¢, of the modelled neuraminidase protein from Flu A
2014 H3N2 (SWISS-model?1), predicts an epitope of five residues. These were captured by
EpPred, including three found in EpNeu.
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CHAPTER 4

Development towards a real-time insulin biosensor for Type-1-Diabetes disease
management

Author contributions: Sanjana R. Sen, Brian. M Miller, Gaetano Speciale, Madision H. Fletcher, Sudipta
Majumdar, Gregory A. Weiss, and Elliot L. Botvinick designed research and analyzed data. Christian A. Totoiu,
Katrin Safronyuk, Emily M. Crawley, Bjarne Vincent, Kim Weiss, Sahil Ahuja, Linette Madina, Jessica N. Pham,
Brian Miller, Teodora Nedic performed research and analyzed data. Dat Nguyen, Danielle M. Behrens, Toni
Wilkinson and Micah M Lawrence designed experiments and performed FRET and biomedical engineering
research and analyzed data.

4.1 Abstract

Therapeutic management of Type 1 Diabetes (T1D) disease can be challenging. The artificial
pancreas (AP) automates disease management by delivering insulin with dosage adjusted in
real-time in response to blood glucose levels. However, despite automation using advanced
control algorithms, patients reliant on the AP risk hyper and hypoglycemia, which can result
from discrepancies between the administered and the circulating insulin levels. As such, a
direct continuous monitor for circulating insulin could tighten glucose regulation while
improving safety and patient response to treatment. Thus, we aim to develop a real-time
insulin biosensor for APs modelled upon the human insulin receptor (InR). Using a
combination of rationally designed constructs and biopanning of phage display libraries, InR
variants were selected for soluble and specific insulin binding. Next, to obtain a dose-
dependent optical signal upon insulin binding, selected InR variants were further engineered
with genetically-encoded and chemically conjugated FRET pairs. Various assays and
constructs were developed to detect FRET-based signaling of insulin binding. These assays
include single-protein and two-protein FRET constructs designed in mammalian, phage and

E. coli platforms.
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4.2 Introduction

In the United States, 1.25 million individuals currently live with Type 1 diabetes.
Approximately 200,000 T1D individuals are under the age of 20, and a rise in prevalence of
2.7% per annum has been noted among youth (< 20 years)!. T1D occurs as a result of
autoimmune destruction of B-pancreatic islet cells2-%. Insulin, a peptide hormone produced
by B-islet cells, regulates glucose uptake and metabolism in the body #. In the absence of
insulin, T1D patients experience hyperglycemia in which blood glucose far exceeds normal
physiological levels. Hyperglycemia can lead to systemic complications such as neurological,
vascular, and renal disorders and diabetic ketoacidosis (DKA), which can be fatal34.
Treatment for T1D involves the administration of exogenous insulin in doses that need to be
adjusted relative to blood glucose levels. Excess insulin administration can result in
hypoglycemia, which in severe cases can cause coma and death34. Therefore, the burdens of
T1D disease management stem from consistent efforts to balance levels of blood glucose and
insulin in the body. Despite the availability of treatment, less than one third of patients
maintain optimal blood glucose levels>.

Recent development of the closed-loop, artificial pancreas (AP) provides an option
for automated T1D disease management, and thus, may alleviate some of the burdens
associated with T1D67. The AP is an automated system that couples glucose monitoring to
insulin dose regulation in patients with T1D. In the AP, a continuous glucose monitor (CGM)
is connected to an insulin pump by a control algorithm to allow automated insulin dose
adjustments responding in real-time to blood glucose levels®. The effectiveness of the closed-

loop system has been evaluated against the Sensor Augmented Pump (SAP) technology, in

99



which insulin dosage is manually adjusted on an insulin pump based on readings of the
CGM®?,

Since 2011, clinical evaluations of the closed-loop AP systems have transitioned from
short term, inpatient trials to the more recent outpatient trials lasting several months in
duration’. Thorough meta-analysis of 42 clinical trials comprising 1,042 participants,
including children, adolescents and adults, report in favor of the AP system compared to the
SAP. Their key findings demonstrate that T1D patients on the AP closed-loop system spend
an average of 2.5 additional hours in normoglycemia, 2 hours less time in hyperglycemia and
20 minutes less time in hypoglycemia over a 24 h period compared to control groups0. In
light of these improvements, the FDA approved the MiniMed® 670G (Medtronic) in 2016.
This hybrid closed-loop system automates basal glucose regulation and administers insulin
boluses during meals 6-810,

While these technologies have made great strides towards improving glycemic
control, T1D patients still struggle with challenges of periodic deviations from
normoglycemia, primarily overnight when circulation changes or the infusion set
malfunctions due to impeded flow. The resulting patient symptoms can go undetected. T1D
patients in closed loop AP systems have been reported to spend an average of 30% of their
time in hyperglycemia and about 2.9% in hypoglycemia®. The T1D research community thus
aims to develop multi-feedback sensors to enhance accuracy and reliability of fully-
automated closed-loop T1D management devices 711. While the AP directly measures levels
of blood glucose, it does not detect levels of insulin in the blood. Thus, discrepancies between
the administered and the circulating levels of insulin can expose patients to risks of hyper

and hypoglycemia. Precise and direct measurement of blood insulin levels in automated T1D
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management devices, in place of indirect estimates of insulin based on glucose levels, could
significantly improve blood glucose regulation in AP devices, ultimately leading to improved
disease management.

Towards this effort, we aimed to develop a real-time insulin sensor to reduce
glycemic deviations resulting from discrepancies in insulin administration and circulation.
Insulin detection platforms that are currently available have been developed for in cellullo
use for diagnostics or for assaying insulin production in [-islet cells for research
purposes!213, Other versions of insulin sensors use antibodies and aptamers to detect and
bind insulin with very high affinities and low dissociation rates (kog). The sensors inability
to release insulin quickly renders them impractical for use as real-time sensors 14-19,

Real-time biosensing requires (1) fast, reversible binding and (2) a means to detect
ligand-binding interaction. Thus, we model our insulin biosensor after the native insulin
binder and blood glucose regulator, the insulin receptor (InR). In the body, the wildtype
human insulin receptor (InR) binds and releases insulin in real-time, responding to rapid
changes in blood glucose levels. The InR’s extracellular domain (ECD) undergoes insulin
binding-dependent conformational changes, which are well characterized?%21. These
conformational changes can be coupled to optical signals using Forster resonance energy
transfer (FRET) measurements to detect insulin binding. Due to the InR’s natural insulin
binding characteristics, our current research objective is to engineer the InR to develop a
real-time FRET-based insulin biosensor that is optically responsive to a wide range of insulin
concentrations.

The InR is a large (320 kDa) multi-domain, transmembrane, receptor tyrosine kinase

(RTK) that forms two symmetric dimers, in which each monomer is composed of two peptide
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chains (o and ) (Figure 4-1A) 20-23 [nsulin binds to the extracellular domain (ECD) which
includes the entire a chain and partial (192 amino acids) beta chain?%21.23, The a and 3 chains
(interchain) as well the dimer (intra-a chain) are held together by disulfide bonds?4-2¢. Since
insulin binds only to the a chain on the ECD and the expression of the whole transmembrane
receptor can prove challenging due to its size and hydrophobicity, we focus our
investigations on the « chain of the ECD.

The structure of the InR ECD has been thoroughly investigated and structures of the
apo (3.3 A resolution) and holo (4.3 and 7.4 A resolution) InR ECD receptor have provided
insight into previously unknown interdomain interactions as well as binding-specific
conformational changes?%2! (Figure 4-1B). The InR a-ECD contains 14 N-glycosylation sites.
Mutational scanning has demonstrated that many of these sites can be altered without
affecting cell-surface expression, processing, or insulin binding 222728, However, the
presence of at least one N-glycosylation at major binding domains has been shown to be
necessary for correct folding 22.27.28,

Generally, insulin binding involves three regions of the ECD, the L1 domain of one
monomer and the o-helix at the C-terminal (CT) of the second monomer come together to
form the high affinity (Kp ~6 nM) S1 binding site and the FnllI-1 domain of the first monomer
forms the lower affinity (Kp ~400 nM) S2 binding site, which together form a site with a
binding affinity of Kp ~200 pM2929. As a symmetrical dimer, two binding pockets exist to
allow the binding of two molecules of insulin??. Other studies have shown that due to
conformational changes upon the binding of a single insulin molecule, negative cooperativity
has been reported for insulin binding at physiological concentrations. The affinity of InR for

a second insulin is 600x lower than the first 20.22,23,29,30,
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In addition to insulin, the InR also binds the insulin-like growth factor (IGF)-I and II
at much lower affinities (< 350 nM relative to 200 pM for insulin)?22. Insulin is most closely
related to IGF-I, with approximately 50% amino acid sequence homology3l. In our
investigations, we aimed to design a construct that preferentially binds insulin in affinities
higher than to IGF-I, and responds to doses of insulin binding with a corresponding,
detectable optical signal.

4.3 Results and Discussion

Mammalian cell expression of soluble insulin binding InR constructs

InR undergoes large conformational changes that make it ideal for FRET-based
optical signaling. As observed in the overlaid apo and holo InR structures (Figure 4-1B), the
two main changes that occur upon insulin binding involve components of the high affinity
insulin binding domains, L1 and the C-terminal insulin binding helix (aCT), which move
closer together. Specifically, the N-terminal L1 domain is observed to swing upwards
~55° while the aCT is observed to move up 62 A (6.2 nm), such that upon insulin binding the
distance between residues of aCT and L1 is approximately 0.35 nm?20. The Forster distance
(Ro)- the distance at which isa FRET efficiency is 50% is 4.9 nm for genetically-encoded FRET
pairs, cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP), and 6.3 nm for
Alexa Fluor 488 and 546 fluorophores3233, Therefore, the above described ECD holo and apo
conformational changes of InR were expected to change FRET efficiency from 50% to its
maximum efficiency per molecule. Additionally, previous studies have demonstrated that the
InR ECD is able to bind insulin at a wide range of affinities based on deletion and modular

arrangement of the domains 22-243435,

103



In this chapter, the ECD and four different constructs, 1-4 (Figure 4-1C and 4-1D),
with various combinations of insulin binding sites and their supporting domains were cloned
for expression in BL21DE3 cell lines. Unfortunately, the constructs failed to express solubly
and were found in the inclusion bodies following cell lysis. Attempts to optimize expression
conditions or solubilize the proteins with detergents, such as Sarkosyl and lauryldimethyl

amine oxide (LDAO), also did not prove successful.

B

Overlay of Holo and Apo InR
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Figure 4-1. Insulin

receptor structure and biosensor constructs. A. The structure of

dimeric InR with monomers depicted in grey and dark blue. B. Overlay of apo (blue, PDB:
6CE7) and holo (light grey, PDB: 4XZB) structures of the insulin receptor (InR) ectodomain
(ECD). The orange dashed line represents the change in conformation of the aCT domain
upon insulin (orange) binding. C. Schematic diagram of the dimeric InR depicting the
different domains on a single monomer. Darker blue boxes represent components of the high

GS-linker ——
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affinity insulin binding site, the lighter blue represents the low affinity binding site. The
dashed line and boxes represent the binding of aCT from the same monomer interacting with
the L1. Due to lower structural resolution in flexible ID domain (dashed line), it is unknown
whether the aCT and L1 from the same monomer is likely to interact to form the high affinity
insulin binding site. D. InR-derived constructs used to design an insulin biosensor using
various combinations of insulin binding sites and their supporting domains. Orange box
represents peptide 6 (P6) that was discovered during phage selections and used to design a
chimeric InR construct.

Expression of functional InR and its minireceptor constructs in literature are
conducted using mammalian (Chinese Hamster Ovary (CHO)) or insect (baculovirus) cell
lines, which allow post-translational modifications (PTMs)3¢-38. To determine whether PTMs
would increase soluble and functional expression of the rationally designed InR constructs,
stable expression of the InR constructs was conducted in Flp-In™ CHO cells (Thermofisher)
39, Constructs were subcloned with an N-terminal albumin secretion tag such that
completely folded proteins could be collected in the cellular media. Its C-terminal Hise¢-tag
was subsequently used for protein purification using nickel-affinity chromatography. The
protein was detected by a binding assay after its N-terminal FLAG-tag and fluorophores were
site-specifically conjugated to an N-terminal SNAP-tag. Using this platform, the full-length
ECD, the second largest construct C5, and the smallest C4 were expressed and assayed
(Figure 4-24).

The InR C5 does not contain the a-a dimerizing cysteine triplet (Cys®82 Cys®83 Cys685)
but does contain Cys>24, the second a-a dimerization site24#4041- As such this construct was
expected to form weak dimers. In contrast, the smaller C4 contained only the high affinity
binding domains L1 and aCT linked by the flexible insert domain (ID) comprising the

dimerizing triplet cysteines. In western blot analyses of InR constructs purified from cell
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Figure 4-2. Expression and characterization of InR constructs in CHO cells. A. Schematic
representation of InR constructs ECD, C5 and C4. Constructs contain an N-terminal albumin
secretion tag for secretion in to the cellular media, a FLAG-tag for protein detection, a SNAP-
tag for site-specific fluorophore conjugation and a C-terminal Hise tag for affinity
purification. B. Western blot analysis, using «FLAG-HRP to detect protein, demonstrates
expression of InR constructs C5, C4 ECD in cellular lysate. The untransfected cell lysate is
used as a negative control to determine any non-specific binding signal. The in the absence
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of glycosylations the expected monomeric sizes for ECD, C5 and C4 are 106 kDa, 97 kDa and
57 kDa respectively. In the presence of glycosylations the ECD dimer is known to be
approximate 350 kDa*2. Oligomerization of all constructs are observed in the SDS-PAGE gel;
specifically ECD forms dimers, C5 forms dimers and several higher molecular weight
oligomers, C4 forms monomers and several higher molecular weight oligomers. C. InR C4
collected in media and lysate and run on SDS-PAGE gels in the presence and absence of the
reducing agent [3-mercaptoethanol (10 mM). Disuifides are found to be responsible for
oligomerization. D. Schematic representation of InR C4 oligomers (trimer). Black lines
represent disulfide bonds. E. ELISA showing insulin (2 uM) binding of InR ECD, C5 and C4
collected from cell lysate (dashed lines) and cell media (solid lines). F. ELISA showing
binding of indicated InR constructs to 2 pM insulin (solid bars) or 2 pM IGF-I (bars with
diagonal patterns). InR C4 demonstrates specificity towards insulin whereas, InR C4 appears
to prefer binding to IGF-1.

lysate in reducing SDS-PAGE conditions, the InR ECD and C5 still appeared to form dimers >
260 kDa. This suggested strong disulfide bonding or the formation of disulfide-independent
aggregates (Figure 4-2B). The fully glycosylated dimeric ECD has been estimated to be 350
kDa*2, as such the glycosylated monomeric ECD with its SNAP-tag was estimated to be 195
kDa. In contrast, the SNAP-InR C4 variant, which was expected to be 57 kDa, demonstrated
higher molecular weight likely due to additional PTMs when secreted into the media and
disulfide dependent oligomeric states that were converted to monomers in the presence of
reducing agents, respectively (Figure 4-2C and 4-2D).

The constructs were then used to determine insulin binding using ELISAs with
insulin-immobilized onto microtiter plates. Results demonstrated that all three constructs
from the lysate, ECD, C5 and C4, bound insulin in a dose-dependence with C4 having the
strongest binding (Figure 4-2E). Secreted InR C4 also demonstrated insulin binding, but
secreted InR C5 and ECD did not show such binding. Next, specific binding to insulin was
examined, where InR C4 purified from cell lysate demonstrated slightly better binding to

insulin than its homolog IGF-I. In contrast, C5 demonstrated preferred binding to IGF-I over
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insulin (Figure 4-2F). Shortening the flexible insert domain likely resulted in a wider binding
pocket formed by L1’ and oCT, allowing for better binding interactions with the larger IGF-I
protein (7.6 kDa) and weaker binding to insulin (5.8 kDa). Surprisingly the ECD did not show
strong binding to either protein in this assay. Since insulin was immobilized on the plate it is
also possible that immobilization may have hindered access to critical binding surfaces.
Previously, Scholler et al. demonstrated whole InR FRET on the cell surface using N-
terminal SNAP-tags on each monomer. In their investigations, the group used optimized
stoichiometry of fluorescent FRET pairs with benzylguanine (BG) moieties to differentially
conjugate InR monomers to generate dimeric FRET constructs and detect FRET-based
insulin binding using time resolved FRET (trFRET). The study demonstrated dynamic range
between 10 nM to 1 uM insulin, which was the lowest range observed amongst nine other
receptor tyrosine kinase sensors tested by similar methods!2. In our investigation, a similar
approach was applied to detect FRET in the InR ECD, C5 and C4, where the constructs were
subcloned with N-terminal SNAP-tags and conjugated using cost-effective and readily
available Alexa Fluor FRET pairs, BG-Alexa Fluor 488 and BG-Alexa Fluor 546
(Thermofisher) (Figure 4-3A). Media from untransfected cells subjected to identical
conditions but omitting the fluorophores were used as negative controls. FRET assays were
conducted using varied doses of the fast-acting insulin derivative, Humalog® (6 - 29 uM).
Humalog® contains mutations P28K and L29P in which the positions of lysine and proline
at positions 28 and 29 in the B-chain are inverted*3. Only the InR C4 FRET pair was observed
to be conjugated by both fluorophores, although the Alexa Fluor 546 conjugation appeared

less efficient than the Alexa Fluor 488 (Figure 4-3B).
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Figure 4-3. Humalog®-dependent change in FRET signal of CHO cell expressed InR C4.
A. Schematic representation of SNAP-tag based InR FRET construct. Stoichiometrically
adjusted (1:6) fluorophore BG-tagged Alexa Fluor 488 and 546 FRET pairs were
simultaneously conjugated to SNAP-tags on the N-termini of monomers of purified InR
constructs from CHO cell media. B. SDS-PAGE gel imaged using appropriate filters for Alexa
Fluor 488 and Alexa Fluor 546 on the Typhoon Fluorescence Gel imaging system. Only InR
C4 showed conjugation of both fluorophores, although Alexa Fluor 546 conjugation
appeared to be less efficient. C. The raw spectral data for InR C4 and the untransfected
control are represented at baseline and after administration various concentrations of
Humalog®. D. Graph represents the normalized FRET change in InRC4 upon Humalog
administration, after signal subtraction from untransfected negative control and
normalization of signal on a percentage scale. E. Graph represents FRET signal from
monomerized InR C4 construct with N-terminal CFP and C-terminal YFP. No change in FRET
is observed with increasing doses of Humalog.
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FRET analysis of the SNAP-tagged InR C4 and the untransfected negative control
revealed that the control also demonstrated an unexpected FRET peak at the 571 nm,
indicating some direct Alexa Fluor 546 acceptor excitation from free-floating fluorophores
(Figure 4-3C). Thus, normalization by negative control subtraction was used to determine
insulin-dependent conformational changes by InR C4. Results demonstrated 6 uM Humalog
increased FRET signal relative to the “no insulin” baseline (Figure 4-3D). This concentration
appeared to saturate insulin binding to FRET InR C4 constructs as no further increases were
observed at higher concentrations of insulin. Notably, the well-to-well FRET signal deviation
was large, possibly due to pipetting error, as observed by the slightly overlapping SEM error
bars between the Humalog-induced signal and baseline. The use of trFRET, as described in
Scholler et al. 12, could significantly help increase sensitivity of this assay by reducing
background signal. However, since the inefficient tagging of both FRET pairs and the
inherent inefficiency and inconsistencies of FRET pair dimer formation would still pose
problems towards signal optimization, this path was not chosen for future investigation.

To optimize conjugation and signal consistency, a FRET construct using a monomeric
InR C4 lacking the disulfide forming cysteines and comprising genetically encoded FRET
pairs CFP and YFP, at the N- and C-termini, respectively, was designed from the backbone of
the FRET construct, Twitch2B (described in Chapter 5). A similar InR construct adhered to
the cell surface was previously shown to have bioluminescent resonance energy transfer
(BRET) activity!3. Surprisingly, the InR C4 construct did not demonstrate any change in FRET
relative to varying doses of Humalog. Therefore, it was concluded that the oligomeric form
of the InR C4 was likely responsible for any observed FRET change in response to Humalog

(Figure 4-3E). The long growth times, low concentrations of protein production and
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inefficient purification methods, limited the capacity for high-throughput construct
production and screening hindered efforts to further optimize this system. These numerous
obstacles of the mammalian protein expression platform indicated that it was not well-suited
for further optimization of the insulin biosensor. Thus, in the next steps we address the issue
of developing InR constructs on a robust protein expression platform, which also allows

high-throughput selections for specific insulin binding and screening for optical signal.
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Figure 4-4. Phage display and insulin binding of InR constructs. A and C. ELISA
represents dose-dependent phage display of InR constructs InR 4 and 5. InR C4
demonstrated maximal phage display. B. ELISA represents insulin binding to InR constructs,
with 2 pM insulin immobilized onto microtiter plates and phage binding is detected using
aM13-HRP. No insulin binding is observed in these constructs. D. Insulin binding to SNAP-
tagged InR C5 using immobilized biotinylated insulin (Nanocs Inc.) demonstrates low levels
of insulin binding.
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Phage display of insulin binding InR constructs

Since literature demonstrated that tethered constructs in mammalian cells improved
InR optical signaling?3, it was hypothesized that phage display using the P8 coat-protein

robust protein expression provides specific advantages of a tethered system while
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Figure 4-5. Improving insulin binding using site-directed library selections. A.
Structure depicts important InR domains (PDB: 4ZXB) found in the library template InR C5
construct. The surface hydrophobicity of the cysteine-rich (CR) domain is represented with
regions of high hydrophobicity shown in dark red (inset, right). A hydrophobic region is
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chosen (inset, left) for site-directed library generation, to increase variant solubility. The
theoretical diversity of the library is 2 x 10°. Using Gibson Assembly cloning techniques a
library with approximately 104 diversity was generated. B. Libraries were selected for two
rounds for insulin binding. Library variants between 4 and 5 fold binding over background
demonstrated variants that bound insulin better than InR C5 but lacked the L1 domain.
Library variants > 5 fold over background insulin binding were very short fragments that
only included the library region of the protein. C. InR construct schematic showing the
common residues found in insulin binding variants selected from the library. Cysteines and
prolines were unaltered in the library design, however, more charged residues are observed.
Additionally, the L1 domain is found to be lacking in these variants. D. ELISA showing the
insulin binding of the specific InR variant (highlighted as a red square in panel C), where 2
UM insulin is immobilized on microtiter plates and the phage-displayed variant binding is
quantified using aM13-HRP.

simultaneously allowing high-throughput selections and screens. As such, C4 and C5 (Figure
4-4A) were successfully displayed on phage (Figure 4-4B). However, only C5 demonstrated

low levels of binding to insulin (Figure 4-4C, 4-4D).

To improve insulin binding, solubility, and specificity, SNAP-tagged C5 was chosen as
the template for further selections. The cysteine rich (CR) domain, which lies adjacent to the
insulin binding L1 domain, contains 25 disulfide forming cysteines and was thought to be a
possible region where proper folding for binding and solubility might be especially
problematic. Using surface hydrophobicity analysis on UCSF’s Chimera visualization tool#4,
the surface exposed hydrophobic regions of the CR domain were identified and targeted for
library generation. Libraries were designed such that these hydrophobic regions would be
replaced with polar or charged residues - a strategy previously used by the Weiss lab to
solubilize the hydrophobic intramembrane domain of calveolin-145. Prolines and cysteines
that are usually important for overall domain conformation were not changed (Figure 4-5A).

Selectants were screened after two rounds of selection with insulin binding and one round
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with IGF-I negative selection, (see further details in Materials and Methods section).
Peculiarly, while InR C5 variant selectants contained more hydrophilic CR residues as
encoded by the library, they also omitted the L1 domain entirely (Figure 4-5B, 4-5D). The
results suggest that the L1 domain, and not the CR, was the likely culprit for improper folding

of InR in E. coli and very low insulin binding.
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Figure 4-6. E. coli-expressed L1 domain disrupts InR solubilty and insulin binding. A
SDS-PAGE gel shows the solubilized and refolded AL1 construct at its expected size of 70
kDa. B. ELISA represents insulin binding of AL1, where 143 nM of AL1 is immobilized on the
microtiter plates and biotinylated insulin (Nanocs Inc.) at various concentrations is used to
determine binding using streptavidin-HRP. C. Schematic representation of AL1 and FRET
construct of AL1. D. SDS-PAGE representing soluble FRET AL1 as a monomer and a dimer
after refolding using rapid dilution. E. FRET assay showing donor peak after direct donor

excitation but FRET signal from the acceptor. F. Spectral graph represents acceptor peak of
FRET AL1 (eGFP) after direct excitation.
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The L1 domain is not functionally expressed in simpler organisms

To test the hypothesis that the absence of the L1 domain could result in improved InR
solubility in E. coli and binding to insulin, the domain was omitted from the new construct,
AL1 (Figure 4-6C). AL1 was more soluble than other InR constructs (Figure 4-6A), though a
significant amount of protein was still found in the inclusion bodies. ELISAs for insulin
binding were conducted such that 143 nM of soluble AL1 was immobilized onto microtiter
plates and biotinylated insulin at varied concentrations was added in solution and detected
through the addition of streptavidin-HRP, followed by a colorimetric HRP substrate.
Hydrolysed N-hydroxysuccinamide-biotin in the absence of insulin was added at equimolar
concentrations as a negative control. Results demonstrated that insulin binding was
observed at insulin concentrations starting at 185 fold over the highest physiological
concentrations (370 nM - 30 uM, Figure 4-6B). Thus, the dynamic range of insulin binding
to AL1 was still too low for physiological insulin detection.

To determine if conformational change of AL1 upon insulin binding could be used to
generate an insulin dependent FRET signal, the construct was subcloned in a pET28c
plasmid with the FRET pair fluorescent proteins, eBFP and eGFP, flanking its N- and C-
termini, respectively. The monomeric construct was 130 kDa and mostly insoluble.
Denaturation and refolding of the FRET-AL1 construct using rapid dilution resulted in visibly
fluorescent soluble protein, which was observed to be at the correct monomeric and dimeric
sizes in an SDS-PAGE gel (Figure 4-6D). Then, 1 pM of refolded FRET-AL1 was assayed for a
FRET signal at varying doses of insulin (1, 10 and 100 pM). Equimolar concentrations of
human serum albumin (HSA) was used as a negative control. While both FRET fluorophores

could be directly excited, unfortunately, no detectable levels of FRET was observed for this
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protein (Figure 4-6E, 4-6F). Therefore, it was concluded that the L1 domain may contribute
to InR misfolding when expressed in simpler organisms, where AL1 InR slightly improved
solubility and insulin binding. The omission of a properly folded L1 domain, however, also

resulted in the loss of the expected conformational change upon insulin binding.

Figure 4-7. Designing compact, soluble, and specific insulin binding constructs. A.
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Graph represents insulin binding ELISA where a compact construct, termed C7 (expressed
solubly in E. coli) binds at various doses to immobilized 2 puM insulin and IGF-I. B. FRET assay
with InR C7 flanked with CFP and YFP does not demonstrate sufficient FRET in response to
varying doses on Humalog. C. Amino acid sequences of peptide selectants with the highest
insulin binding after four rounds of selections for specific insulin binding are depicted. D.
Peptide 6 (P6) is subcloned on to the N-terminus of compact construct 1, termed P6C7. ELISA
represents insulin and IGF-I binding to P6C7, as previously described, and binds specifically
to insulin. F. FRET construct P6C7, with flanking CFP and YFP, does not show any FRET in
response to Humalog binding.

The Peptide-InR Chimeric construct, P6C7

Since the L1 domain of the InR high affinity binding site could not be functionally
expressed in E. coli or phage display platforms, we subsequently investigated whether the
aCT alone could bind insulin. In previous literature the synthesized aCT helix could bind
insulin, although binding was shown in the presence of a separately expressed L1 domain
expressed in BHK cells34. We therefore examined whether the aCT helix bound to the flexible
ID domain, with CFP and YFP at it N- and C- terminal flanking ends, could also specifically
bind insulin and result in the desired FRET signal. The new construct was termed InR C7.
ELISAs assessing binding of C7 to insulin or IGF-I demonstrated that the highest
concentration of C7 tested (4 uM) bound insulin 1.6 fold over IGF-I (Figure 4-7A). However,
FRET analysis of the C7 construct did not demonstrate any discernible signal upon Humalog
binding at concentrations ranging from 170 pM to 6 uM (Figure 4-7B). The data thus reveals
that while the C7 alone is capable of binding insulin, it does not change the FRET signal. This
is expected since, with only a single binding site, dramatic conformational changes are
unlikely to occur. Additionally, the entire C7 construct is approximately 58 A, which is very

close to the Ro value of the CFP-YFP FRET pair (49 A). Therefore, a significant amount of
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FRET was already present at baseline levels and slight changes in FRET upon insulin binding
were unlikely to be useful for measurements.

To find other simple insulin binding components that can be used for real-time insulin
detection, selections for specific insulin binding were conducted using the previously
generated Mega Random Peptide Library (MRPL)#6. Selections were conducted for four
rounds, including positive selections for insulin binding and negative selections against IGF-
[ binding. Spot assays of 192 total colonies resulted in 21 unique peptides that bound insulin
>3 fold over non-specific binding to the bovine serum albumin (BSA) negative control. Of
these 21 selectants, the six phages with highest binding over background were further tested
for specificity over IGF-1. Results demonstrated that despite selections against IGF-I, 4 out of
6 peptides preferred binding to IGF-I over insulin. Two 20 residue peptides, P6 and P57,
showed significant binding to insulin relative to HSA negative controls (p<0.0001, two-way
ANOVA, ad hoc Tukey). P6 additionally showed no significant binding to IGF-I relative to HSA
(Figure 4-7C, 4-7D). Therefore, Pep 6 was chosen for subsequent analyses.

To generate a longer construct (~128 A, excluding fluorophores) that binds to insulin
and undergoes a possible conformational change, the P6 sequence was subcloned to the N-
terminus of the InR C7 FRET construct. Based on structural measurements and the average
size of a 20 residue peptide, approximating 3.5 A per residue, it was estimated that the P6C7
construct would have a FRET efficiency of 0.3% compared to the estimated 27% for C7.
ELISAs assessing dose-dependent insulin and IGF-I binding demonstrated approximately 1.5
fold preferred insulin binding over IGF-I at P6C7 concentrations of 3.22 and 9.67 uM (Figure
4-7E). Notably, the overall background subtracted signal of P6C7 was lower than that of C7

alone. Unfortunately, FRET assays for this construct also did not result in an insulin
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dependent signal, while a significant FRET signal was still observed at baseline (Figure 4-
7F). The FRET observed over baseline was greater than that observed for C7 alone.
Therefore, it is likely that the P6 and C7 interact with each other. While the peptide and InR-
derived compact constructs can bind insulin with some specificity, insulin-dependent FRET

signals, which likely require conformational changes over larger distances, could not be

observed.
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Figure 4-8. A two-protein FRET Assay design. A. Schematic representing a two protein
FRET assay where an insulin B-chin derivative iPEP is tagged with a C-terminal YFP and the
P6C7 is tagged with an N terminal CFP. The saturated binding of the two InR and iPEP is
expected to generate a maximal FRET signal. Varying concentrations of unlabeled insulin are
then expected to outcompete the iPEP and dose-dependently reduce FRET. B. iPEP alone did
not demonstrate a FRET signal C. An SDS-PAGE of iPEP indicates that oligomerization
resulting from a free cysteine in the iPEP sequence is likely. D. iPEP variants with its single
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cysteine replaced with alanine (iPEPA) and serine (iPEPS) were generated and tested for
FRET. iPEPS and not iPEPA generated a FRET signal relative to the iPEPS baselines.

A two-protein FRET Assay

Next, we devised a two-protein FRET system that detects changes in FRET based on
binding of two different proteins each with a single FRET pair fluorophore attached. Two-
protein FRET systems have several advantages over FRET constructs that depend on
conformational changes of a single protein. Firstly, larger differences in binding distance
between bound and unbound states allows for very low signal-to-noise. Secondly,
stoichiometric control over each FRET component allows tunable sensitivity and dynamic
range. Thirdly, the signal for the donor and acceptor molecules can be normalized with more
accurate controls, allowing for more accurate calculations of FRET efficiency#.

This new FRET system design for insulin binding includes the P6C7 with an N-
terminal CFP protein and an insulin B-chain derivative, here termed iPEP, with a C-terminal
YFP tag (Figure 4-8A). We propose a biosensor that, in the absence of insulin, will emit a
maximum FRET signal under saturated binding conditions between iPEP and P6C7 (Figure
4-8B, schematic). As insulin is administered to the system, the insulin will outcompete the
iPEP and result in dose-dependent reduction in FRET (Figure 4-8E, schematic). The iPEP
construct has been previously used for structural analyses to determine binding interactions
between insulin and the insulin-degrading enzyme (IDE)48. Structural analysis of InR aCT
and insulin interactions report that residue F714 from InR aCT interacts with a hydrophobic
crevice within insulin, which contains B chain sites V12 and L1529 Therefore, it was

hypothesized that the iPEP should weakly bind P6C7.
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To test P6C7 and iPEP binding, a FRET-based assay was developed such that non-
specific binding, acceptor excitation, and molecular crowding could be normalized using a
YFP and FLAG tagged negative control without the iPEP. This control protein was termed
iFLAG. To avoid self-aggregation due to disulfide formation with the single cysteine residue
C8 on iPEP, binding assays were first conducted under reducing conditions and no change in
FRET was observed (Figure 4-8C). The reducing conditions may disrupt disulfide bonds
formed within P6C7 and thus disrupt its insulin binding capabilities. Therefore, the two
iPEP-derived constructs with the mutations, C8A or C8S, termed iPEPA or iPEPS, were
designed to test FRET-based binding to P6C7. Results demonstrate an observable FRET
signal in response to 10 uM iPEPS relative to the negative control iFLAG, but not with iPEPA
(Figure 4-8D). Testing higher concentrations resulted in FRET within the negative control
demonstrating a possible crowding effect. Therefore, further increases in specific binding
signal could not be observed. Future work towards the development of this assay should
include outcompeting the signal using varying doses of insulin and developing FRET
constructs and conjugation methods that allow for more sensitive detection of FRET with

lower concentrations of protein (Figure 4-8E).

4.4 Conclusions and Future Directions

This study establishes that the InR expression and function is highly dependent on
PTMs. Literature demonstrates that InR-based optical insulin sensors can be designed in
limited (mammalian and insect) cell lines and under surface-tethered conditions. Our
investigation demonstrates that CHO cell expressed, untethered, oligomeric InR C4,

containing the L1 and the oCT together, can bind insulin and undergo conformational
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changes that are visualized as FRET. The difference in signal, however, has very low signal-
to-noise ratios. Furthermore, dose-dependent increases in FRET were not observed. Further
testing with linkers between L1 and aCT could be examined. However, the mammalian
expression system does not allow high-throughput library expression and screening.

The study also examines whether human InR or rationally designed deletion variants
could be functionally expressed in simpler expression systems such as phage or E. coli that
are more permissive to high-throughput selections and screens. The current investigation
identifies that with the exception of the L1 domain, the InR can be functionally expressed in
simpler organisms, such as phage or E. coli. Notably, smaller InR variants, such as InR C4
comprising the L1 domain could be solubly expressed in E. coli and displayed on phage, but
had lost the ability to bind insulin in the absence PTMs. Conversely, constructs missing just
the L1 domain are only slightly soluble, but importantly retain the ability to bind insulin. This
AL1 construct, however, does not undergo the large conformational changes necessary for
FRET signal generation do not occur.

In this study, we also establish that the aCT domain alone is capable of binding insulin
in the absence of all other domains of the InR. For future experiments, the InR C7 construct
containing only the aCT flanked by the ID flexible linker can be used in conjugation with the
insulin B-chain-derived iPEPS to test its binding and suitability for the two-protein FRET
platform developed in this study. Additionally, other native insulin binding proteins such as
IGFBP-74° and insulin-degrading enzyme#*3, that have limited binding dependent
conformational change, can be used as candidates for the development of two protein assays.
The relative binding affinities to iPEPS and insulin can allow selection of protein pairs with

the most suitable insulin detection range and kinetics for real-time sensing. To reduce steric
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hindrance during binding and increase signal-to-noise of the two-FRET protein assay, the
large genetically-encoded fluorophores could be replaced with bioconjugated small
molecule FRET pairs>?. Such FRET pairs can be tested for reduced bleed-through and direct
acceptor excitation than is observed between CFP and YFP.

This investigation lays the foundations for a FRET-based insulin biosensor design and
assay development for furthering automated T1D disease management. The study highlights
the utility of native proteins as biosensing tools for essential biomarkers in chronic diseases
and their treatment. The use of multiple platforms for protein expression, including
mammalian cell lines, M13 bacteriophage display, and E. coli, highlight both the advantages
and caveats of each and how each platform can be critical to various stages of biosensor
development. The protein-based approaches and assays described here can be further
expanded to incorporate other important metabolites of T1D, like $-hydroxybutyrate for
detecting diabetic ketoacidosis®?, or glucagon for its direct detection in patients treated with
dual hormone automated devices. The real-time detection of biomarkers for progressive
diseases can also result in effective, monitored early treatment>2. As such, on-going and
future projects in our laboratory can build on the assays and sensor engineering approaches
from this investigation towards the development of a series of protein-based biosensors for

accurate, real-time monitoring of disease conditions.

4.5 Materials and methods
Generating stable cell lines expressing InR constructs in using the Flp-In™ CHO
System. The Flp-In™ CHO cell line comprises an integrated FRT site that can be cleaved by

Flp recombinase and a LacZ-Zeocin™ fusion gene downstream an ATG start site and
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controlled by an SV60 promoter. InR constructs were subcloned into a pcDNA5/FRT
expression vector using the Gibson Assembly 2x Hifi kit, as per manufacturer’s instructions.
Gene expression in the pcDNA5/FRT vector is controlled by a human CMV promoter. The
vector also contains a hygromycin resistance gene with an FRT site inserted at the 5’ coding
region, but lacking an ATG start site.

The subcloned pcDNA5/FRT plasmid and a pOG44 plasmid that constitutively
expresses Flp recombinase were co-transfected into the Flp-In™ CHO cell line (ThermoFisher
Scientific). Specifically, 20 uL Lipofectamine® 2000, 7 ug of POG44, and 7 pg construct
(pcDNA5/FRT plasmid excluded for control cells) were prepared in 300 uL Gibco Dulbecco’s
Modified Eagle Medium (DMEM) and incubated for 5 min at room temperature (RT). The
DNA-lipid mixture was then added to Flp-In™ CHO cells media when cells were 60%
confluent. Cells were incubated for 48 hours after transfection and passaged using trypsin in
DMEM with 10% fetal bovine serum (FBS) at a density of about 8x10> cells/ml. Cells were
then treated with 2 mg/mL hygromycin. Insertion of the cleavage of the FRT site in the cell
line and the insertion FRT cassette in the pcDNA5/FRT vector alters resistance from Zeocin
to hygromycin. Thus, selection and growth of stably transfected cells with hygromycin was
conducted. Untransfected control cells were treated with 1:1000 zeocin antibiotic. After 24
hours, when significant cell death of untransfected cells is observed, culture media was
replaced with DMEM containing 10% FBS, 1% glutamine, 1% penicillin/streptomycin, and 2
mg/mL hygromycin. Remaining cells were grown to 100% confluence and re-passaged to

about 2x10°¢ cells/mL and maintained in multiple 100 mm cell culture plates.
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Harvesting and purification of InR constructs expressed in Flp-In™ CHO cells:
Once cells reached 100% confluence (~ 3 days), the media was collected and stored at 4 °C.
The cells were then washed with 1xPBS, lysed using lysis buffer (2 mM EDTA, 50 mM TRIS-
HCI, 25 mM NaCl) and scraped off plates. Cells were further lysed by passing its contents
through a 26-guage syringe and needle. Lysate was centrifuged for 10 min at 9632 x g and
the supernatant was collected.

His-tagged constructs were purified by batch binding to nickel sulfate charged IMAC
resin (BioRad) overnight. Batch bound resin was loaded to gravity columns and washed with
lysis buffer (2 mM EDTA, 50 mM TRIS-HCI, 25 mM NaCl,) with 5 mM imidazole. Constructs

were eluted from column using lysis buffer with 250 mM imidazole.

Detecting protein expression using Western Blots. Western blot was conducted as
previously described>3. InR constructs were diluted in 6x Laemmli loading buffer (9% SDS,
50% glycerol, 0.03% Bromophenol Blue, 375 mM Tris-HCl, 30% (-mercaptoethanol) and
denatured at 95 °C for 5 minutes. SDS-PAGE using 10% gel was conducted and transferred
paper onto nitrocellulose membrane (0.2 um, BioRad) using chilled transfer buffer (25 mM
Tris base, 190 nM glycine, 20% methanol, at pH 8.3) and a voltage of 100 V for 1 hour. The
membrane was then blocked using sterile filtered (0.22 pm pore size) 2% bovine serum
albumin (BSA) in TBS-T (20mM M Tris, 150 mM NaCl, 0.1% Tween-20) for 1 hour at room
temperature on a shaker, and incubated in «-FLAG antibody diluted 1:1000 in blocking
buffer overnight at 4 °C. The following day, the membrane was washed three times with TBS-
T for 5 minutes each and incubated with 1:2000 a-mouse-HRP for 1 hour at room

temperature. After a final four washes in TBST for 10 minutes each, membrane was imaged
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using SuperSignal enhanced chemiluminescence substrate (ThermoFisher Scientific).
Western blots were imaged on Amersham Hyperfilm™ ECL high performance film (GE

Healthcare).

Protein expression and purification. pET28c plasmids with kanamycin resistance
gene encoding AL1, AL1 FRET InR, and SNAP InR C5 constructs were subcloned using
ligation independent cloning methods as previously described>%. InR C7 and P6C7 with N-
terminal CFP and C-terminal YFP were cloned into a pRSET vector with carbenicillin
resistance gene using Gibson Assembly 2x Hifi kit (New England BioLabs) as per
manufactures instructions. InR constructs were transformed into BL21DE3 (Thermo
Scientific™) chemically competent E. coli cells, plated into antibiotic-supplemented LB-agar
plates, and incubated overnight at 37 °C. A single colony was then inoculated into a 50 ml LB
seed culture supplemented with antibiotics (40 pug/ml carbenicillin and 50 pg/ml of
kanamycin) and grown overnight at 37 °C on a shaker (225 rpm). 10 mL of seed culture was
then added to a 500 mL antibiotic-supplemented LB enrichment culture, which was grown
to optical density at 600 nm (ODeoo) between 0.5-0.7. IPTG (1 mM for AL1 and AL1 FRET or
0.5 mM for all other InR constructs) was added to induce protein expression and incubated
at 25 °C for 18 hours on a shaker (225 rpm). Cells were then pelleted by centrifugation at
9632 x g for 20 minutes and resuspended in lysis buffer. For AL1, AL1 FRET InR, and SNAP
InR C5, the lysis buffer used was 50 mM NaH;PO4, 300 mM NacCl at pH 8.0, supplemented
with 10 mM [-mercaptoethanol and 1x HALT protease inhibitor. For compact InR FRET
constructs, C7 and P6C7, the lysis buffer used was 20 mM Tris-HCI, 250 mM NaCl, pH 8, with

1x HALT protease inhibitor). Cells were lysed by sonication, the insoluble fractions were
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pelleted by centrifugation at 24696 x g and stored at 4 °C for further refolding experiments
where needed.

For refolding experiments, the pellets were further dissolved in 30 mL 8M urea for
five days in a shaker at 4 °C. The suspension was then supplemented with 10 mM imidazole
before purification. 10 mL of the mixture was used for IMAC purification as detailed below

and the remaining 20 mL was used for VFD refolding and purification.

For soluble proteins, the supernatant after lysis and purification was affinity-purified
using Profinity™ IMAC (BioRad, Hercules, CA) resin charged with nickel sulfate. For unfolded
proteins, the denaturing protein solution was used for batch binding. The protein lysates
were batch bound overnight to the charged IMAC resin and purified using gravity columns.
Columns were washed with lysis buffer supplemented with 20 mM imidazole and the elution
fractions were collected with lysis buffer containing 250 mM imidazole. For FRET
experiments, the elution fractions were then buffer-exchanged and concentrated with lysis
buffer lacking imidazole using Vivaspin® 20 Ultrafiltration Units (Sartorius) with a
molecular weight cutoff of 10 kDa. The final buffer imidazole concentrations were calculated
to be ~0.1 mM. Purified and buffer-exchanged protein fractions were then visualized using

10-12% SDS-PAGE with Coomassie dye staining.

Protein refolding using rapid dilution. Unfolded and purified InR constructs were
concentrated to a final volume of 500 pl using a 30k molecular weight cut-off Vivaspin 20
ultrafiltration units as per manufacturer’s instructions. 5 mL of refolding buffer (25 mM
HEPES, 150 mM NaCl and 0.05% Triton X-100 at pH 7.8) was prepared in a microcentrifuge

tube. A small stir bar was added to the bottom of the tube and was held up by ice in 50 mL
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beaker on top of a stir plate. Small volumes of the unfolded sample was drawn up in a 26-
gauge syringe. A single drop was added every 5 minutes to the refolding buffer until the
whole volume of unfolded protein had been added and no apparent precipitate was
observed. The 5 mL of refolded protein was then re-concentrated as described above and

used for further analysis on an SDS-PAGE gel as well as in binding and FRET assays.

SNAP-tag bioconjugation. Stocks of benzylguanine (BG) tagged fluorophores,
termed SNAP-Surface Alexa Fluor 546 and SNAP-Alexa Fluor 488 (New England Biolabs),
were dissolved in 50 pl DMSO to make 1 mM stock solutions. SNAP-Alexa Fluor 488 was
further diluted 1:4 in DMSO to make a working solution of 250 pM, as per manufacturer’s
instructions. InR constructs were buffer exchanged (25 mM HEPES, 300 mM NacCl, pH 8.0) to
remove imidazole after purification. Approximately 1 uM of purified InR constructs and the
equivalent volume of purified untransfected cell lysate (negative control) was used in the
conjugation reaction. 1ImM DTT and 10 pM of SNAP-Alexa Fluor 488 and 60 uM of SNAP-
Surface Alexa Fluor 546 (1:6 ratio) was added to the volume containing the InR construct.
The total reaction volume was 150 pL. The reaction tubes were protected from light and
incubated at 4 °C on a shaker (150 rpm). The components were then dialyzed overnight at 4

°Cin 4 L of reaction buffer to remove any unconjugated fluorophores.

Fluorescence Imaging of SDS-PAGE Gels. SDS-PAGE gels (0.75 mm thickness) were
used to visualize InR constructs tagged with SNAP- with Alexa Fluor 488 and Alexa Fluor
546. Gels were imaged using a Typhoon Trio+ Scanner (GE Healthcare) in “fluorescence
acquisition” mode. For Alexa Fluor 488 signal, the Green (532 nm) laser and the 526 SP filter

at 500 PMT voltage was used. Alexa Fluor 546 fluorescent signal was detected using the
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Green (532 nm) laser and 580 BP filter at 400 PMT voltage. Images were recorded at 25-
micron pixel. The imaging of fluorescent signals total protein was visualized using Coomassie

dye.

FRET measurements. For FRET measurements, 96-well black polystyrene plates
(Corning) were used. InR constructs were diluted 1/10t% (approximately 100 nM) for a final
volume of 100 pl. The protein dilution, z-position and gain were optimized for detection of
acceptor and donor fluorophores. Insulin or Humalog® (Eli Lilly) at various concentrations
was added in volumes of 0.5 pl. Volume control negative controls using equal volumes of
buffer were used. Each experimental group was repeated in triplicate. For Alexa Fluor 488
and 546 FRET pair, excitation of the donor fluorophore at 485 nm (20 nm bandwidth) with
emission scans from 510 nm to 600 nm (10 nm bandwidth) were conducted. To determine
emission from direct acceptor excitation 530 nm (10 nm bandwidth), emission scans from
555 nm to 600 nm (10 nm bandwidth) were conducted. For CFP and YFP FRET pairs,
excitation of the donor fluorophore at 405 nm (20 nm bandwidth) with emission scans from
450 nm to 600 nm (10 nm bandwidth) were conducted. To determine emission from direct
acceptor excitation 575 nm (10 nm bandwidth), emission scans from 515 nm to 600 nm (10
nm bandwidth) were conducted. Prior to adding insulin baseline measurements were

recorded.

FRET measurements for refolded AL1 FRET. FRET assays for the AL1 FRET InR was
conducted using an FL600 fluorescence plate reader with reader function controlled by KC4
data reduction software. Fluorescence was determined using a 485 nm bandpass emission

filter and 530 nm, 25 nm bandpass emission filter with an instrument sensitivity setting of
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135. Standard curves of eGFP were conducted to determine which concentration of AL1
FRET should be used in the assay. 1 uM of AL1 FRET was prepared in buffer (25 mM HEPES,
150 mM NaCl, 0.05% Triton X-100, pH 7.8). Then, final concentrations of 0, 1, 10, 100 pM of
insulin or the negative control human serum albumin (HSA) was added in a total volume of
20 pL to make the final well volumes 120 pl. Emission spectra from 300 - 600 nm was
collected from eBFP donor excitation at 385 nm, as well as direct eGFP acceptor excitation

at 490 nm.

Two-protein FRET Assay. The two protein FRET assay involves the binding of the
compact InR construct, P6C7 with an N-terminal CFP tag, and the insulin B-chain derivatives
iPEP, iPEPA and iPEPS with a C-terminal YFP and FLAG tag. A negative control iFLAG, is
composed of just the YFP with a C- terminal FLAG tag. For the FRET assay, control wells
consisting of 1) 500 nM P6C7 alone, with PBS added as volume control, 2) 10 uM iPEP, iPEPA,
iPEPS and iFLAG alone without P6C7 and 3) PBS only well were used to determine
background and signal bleed-through when donor (CFP) and acceptor (YFP) were
individually excited. The negative control for inner filter effects and other non-FRET signals
included 500 nM of P6C7 with 10 uM of iFLAG. Finally, the experimental groups consisted of
500 nM of P6C7 with 10 uM of either iPEP, iPEPA or iPEPS. FRET assays were conducted
using a Tecan Spark plate reader (Tecan), optimal z-position for each plate was calculated,
and the optimal gain was found to be 100 for CFP excitation and 70 for YFP excitation. The
donor was excited at 405 nm with an excitation bandwidth of 7.5 nm, and emission spectra
were collected from 450 nm to 600 nm. The acceptor was also directly excited at 475 nm
with an excitation bandwidth of 7.5 nM, as emission spectra were  collected from 515 nm

to 600 nm. The final FRET signal was calculated such that the background of the iPEP and
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iFLAG negative controls were subtracted from wells containing P6C7 and the signals are
normalized to a percentage scale where the lowest mean value on the spectra has a value of

0 and the largest a value of 100.

Phage propagation and precipitation. InR constructs were subcloned into the
pM1165a phagemid, which encodes an N-terminal FLAG-tag and C-terminal fusion to the P8
coat protein. Subcloned phagemids were transformed into F pilus positive, amber
suppressing E. coli cell lines, ER2738 or XL-1 Blue. For constructs expected to dimerize, the
amber stop codon, TAG, was added in place of a stop codon to allow expression on P8 unfused
monomers that can dimerize with phage displayed constructs. Transformed plasmids were
plated onto carbenicillin (50 pg/mL)-supplemented LB-agar plates and incubated at 37 °C
overnight. A single colony from the plate was inoculated in a 4 mL primary culture 2YT
supplemented with carbenicillin (50 pg/mL, phagemid selection) and tetracycline (2.5
ug/mlL, cell line selection) and grown overnightat 37 °Cin a shaker at 225 rpm. The following
day, 100 pL of the primary culture was used to inoculate a second 4 mL of 2YT supplemented
with carbenicillin and tetracycline. The secondary culture was grown to an ODesgo of 0.5 - 0.7.
M13KO7 helper phage, at multiplicity of infection (MOI) 4.6, was added to the culture and
incubated and returned to the shaker for 1 hour. Next, the entire 4 mL culture was
transferred into a secondary culture containing 150 mL 2YT supplemented with carbenicillin
and kanamycin (40 pg/mL, M13KO7 selection). The cultures were grown for 18 hours at 25

°Cand 225 rpm.

In centrifuge tubes, the secondary culture was centrifuged at 9632 x g for 10 minutes

at 4 °C. The supernatant was transferred into a separate tube of pre-filled with 60 mL of
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chilled precipitation buffer (PEG-8000 (20%, w/v) and 2.5 M NaCl). The resulting solution
was mixed by inverting the tube 10 times and left to incubate on ice for 30 minutes. The
tubes were centrifuged again at 9632 x g for 15 minutes at 4 °C. The phage was pelleted as a
white streak and the supernatant was discarded. The tubes were re-centrifuged at 1,541 x g
for 4 minutes at 4 °C to condense the pellet. The supernatant was carefully removed and the
pellet was resuspended in 3 mL PBS pH 8.0 with 10% glycerol and transferred into
microcentrifuge tubes, where aliquots flash frozen using liquid No.

A second precipitation was conducted prior to use in binding assays. Aliquots from
the first precipitation were thawed on ice and 0.2 mL of chilled precipitation buffer was
added directly to the aliquot and gently mixed by inverting. The microcentrifuge tubes were
then incubated for 30 minutes on ice before centrifugation at 9632 x g for 20 minutes at 4
°C. The supernatant was discarded, and the tubes were re-centrifuged at 1,541 x g for 4
minutes at 4 °C. After the removal of any remaining supernatant, the pellet was resuspended
in 1 mL of 1xPBS pH 8.0. Concentration of the phage was calculated using the Jasco V-730
Spectrophotometer and a quartz cuvette (Starna Cells, Inc) to measure absorbance values at
268 nm and 320 nm (for baseline), where (A268 - A320) =1 is known to have a phage
concentration of 8.31 nM or 5 x 10° phage/mL55.

ELISAs for display and insulin binding. Phage display of ELISAs were conducted by
detection of the N-terminal FLAG tag as previously described 5. Insulin binding ELISAs were

conducted using the configurations described below.

Immobilized insulin: 2 pM insulin was immobilized directly onto 96-well NUNC
microtiter plates (Thermofisher) and blocked with 400 uL 0.02% casein blocking buffer in

1xPBS at room temperature with shaking at 150 rpm. Phage displayed InR constructs or Hiss
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affinity purified InR constructs were then added (100 pL) at the indicated concentrations
and incubated for 1 hour at room temperature with shaking at 150 rpm. Wells were then
washed with 300 puL 1xPBS-T (0.05% Tween-20) three times. Next, and then 100 pL
detection antibodies, a-M13-HRP (for phage constructs) or a-FLAG-HRP (purified protein),
diluted 2000-fold in 1xPBS-T was added to each well and incubated at room temperature for
30 minutes with shaking at 150 rpm. Wells were washed thrice in 1xPBS-T and twice in
1xPBS. Binding signal was detected with 100 pL. TMB colorimetric HRP substrate (BioRad
Inc.) at 652 nm or at 450 nm if the reaction was stopped using 2M H2S04. Absorbance was

measured using a UV-Vis plate reader (BioTek).

Biotinylated insulin in solution: Purified InR constructs were immobilized onto 96-
well NUNC microtiter plates (Thermofisher) and blocked with 400 pL 0.02% casein blocking
buffer in 1xPBS at room temperature with shaking at 150 rpm. Indicated concentrations of
biotinylated insulin (Nanocs Inc.) were added to each well (100 pL) and incubated for 1 hour
at room temperature with shaking at 150 rpm. Wells were washed three times in 1xPBS-T
(300 pL). Streptavidin-HRP (100 pL), diluted 10,000-fold in 1xPBS-T, was used to detect

insulin binding as described above.

Site-directed library cloning and preparation. The degenerate sequence (Table 1)
was synthesized (Genewiz) as an oligomer with 5’ and 3’ non-degenerate flanking sequences
and used to create the InR CR library using Gibson assembly. The synthesized dsDNA
sequence was then amplified in a PCR reaction similarly to other fragments of the SNAP-C5
gene. The N- and C- terminal fragments of the SNAP-C5 gene were amplified using a

previously cloned phagemid encoding a SNAP-tagged InR C5 construct as the template. The
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SNAP-InRC5-CR library was also cloned into a phagemid vector used for p8-display. The PCR
reaction was conducted using 5 U of Herculase II fusion DNA polymerase and buffer
(Agilent), 25 mM dNTP (Thermofisher), 30 ng of DNA template, 12.5 nM forward (F) and
reverse (R) primers. The PCR reaction was conducted by initially denaturing dsDNA at 95 °C
for 2 minutes, then 30 cycles of denaturation at 95 °C for 20 seconds, annealing for 20
seconds at the temperatures shown in Table 1, and extension at 72 °C for 45 seconds,
followed by a final extension at 72 °C for 3 minutes. 2uL of the PCR reaction was then
visualized on a 1% agarose gel, the remaining was purified using the Zymo Clean and
Concentrator® kit (Zymo Research). Purified PCR products were subcloned using 2x Hifi

Gibson Assembly kit (New England Biosciences) as per manufacturer’s instructions.

Table 4-1. Gibson Assembly primers and template used for CR library Cloning

Primer Name Sequence Annealin
gT(°0)

CR library template 5'-CAGGGCTGCCACCAG-
BRTRWARWTSRTRAWRAWVAWTGTVWTCCGRAWTGTCCGVRTRSC
BRTRMARWG-AATTCCAGCAACTTGCTGTG-3'

N-terminus SNAP-C5-F | 5-GATAAGATTTTCAGGGCGCCACTGGACAAAGACTGCGAAATGAAG-3’ | 53

N-terminus SNAP-C5-R | 5-GACGTACTGGTGGCAGCCCTGCCTCCGCGAGTTCTTGCATTTG-3’ 53
Library CR-F 5’-AATTCCAGCAACTTGCTGTGCACCCCATGCCTGGGTCCCT-3’ 49
Library CR- R 5’-GACCCGACGCGGTCCGGCTATGGCCTAGGGTCCTCGGCAC-3’ 49
C-terminus SNAP-C5-F | 5-CACAAATGCAAGAACTCGCGGAGGCAGGGCTGCCACCAG-3’ 57
C-terminus SNAP-C5-R | 5-GACAGGGACCCAGGCATGGGGTGCACAGCAAGTTGCTGGAATT-3’ 57
Phagemid vector- F 5’-GTGCCGAGGACCCTAGGCCATAGCCGGACCGCGTCGGGTC-3’ 58
Phagemid vector- R 5’-CATTTCGCAGTCTTTGTCCATTGGCGCCCTGAAAATCTTATCGTCG-3' | 58

The Gibson Assembly reaction (2 pL out of 20 pL) was transformed into Nova Blue
cells. The transformation solution was then used to inoculate a 40 mL culture of carbenicillin
(50ug/ml) - supplemented LB. The culture was grown overnight at 37 °C in a shaker at 225
rpm. The library pool was sent for sequencing and showed diversity in the library region.

The miniprep kit (Qiagen) was then used to extract the plasmids. 20 pg of plasmid DNA was
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then electroporated into electrocompetent XL-1 Blue cells using 2.5 kV field strength, 125
Ohms resistance, 50 pF capacitance. This resulted in field peak voltages between 2380-2460
V and a time constant of 5.2 ms. Electroporated cells were then used to inoculate a 23 mL
SOC media culture and shaken (225 rpm) in incubator for 20 minutes. A 50 pL aliquot was
then removed to determine titers, and 10° pfu of M13KO07 helper phage was added to the
culture and incubated in the same shaker for 1 hour. After the incubation, the helper phage-
infected culture was added to a larger 500 mL of carbenicillin (50ug/ml) and kanamycin
(40pg/ml) — supplemented 2YT culture and incubated overnight at 37 °C, shaking at 225 rpm
for 14 hours. Electroporation of samples library samples directly after Gibson Assembly
generated titers of 104 cfu/mL; therefore, this is the diversity of the library. After growth
amplification and electroporation, the library was amplified 104 fold. Phage precipitation of

the library was conducted as described above.

Phage selections. Selections for insulin-specific insulin binding were conducted
using positive selection for insulin binding and negative selections for the insulin homolog,
IGF-I. For round 1 of selections, 15 wells from two separate 96-well Nunc microtiter plate
were coated with either 1.7 uM insulin or 1.7 uM IGF-I in 1xPBS and incubated overnight at
4 °C on a 150 rpm shaker. Wells were blocked at room temperature with 0.2% casein in
1xPBS for 30 minutes and then 100 uL of 60 nM InR CR phage library was incubated with the
IGF-I-coated plate for 1 hour at room temperature on a shaker at 150 rpm. Then, unbound
phage library solution was collected, while the variants on the bound plate were discarded.
The IGF-I unbound phage was then added to the insulin-coated plates (100 pL) and
incubated for 1.5 hours at room temperature, shaking at 150 rpm. The unbound solution was

then discarded and wells were washed eight times in 1xPBS with 0.05% Tween-20. To
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release bound phage from the plates, wells were incubated with 100 pL of 0.1 M HCl and
sonicated in a water bath for 10 minutes. The phage elute was collected from the wells and
neutralized with 1M Tris, pH 8.0. Phage was then used to inoculate 22 mL growth culture of
XL-1 Blue cells at 0.D.= 0.5, in tetracyclin (5pg/mL)-supplemented 2YT and incubated for 45
minutes at 37 °C in a 225 rpm shaker. After incubation, 50 uL of culture was removed for
titration and M13KO07 helper phage was added to the culture at a multiplicity of infection
(MOI) value of 4.6. The culture was returned to the incubator for an additional 45 minutes.
Then, the 22 mL culture of infected cells were used to inoculate 500 mL 2YT culture
supplemented with carbenicillin (50 pg/ml) and kanamycin (40 pg/ml), which was
incubated for 18 hours at 37 °C, shaking at 225 rpm. The following day, the phage was
precipitated as described above and used for a second round of selections, which only

included positive selection for insulin binding.

The second round was conducted as described above, except 0.2% BSA in 1xPBS was
used for blocking, wells were incubated with insulin for 1 hour and washed 12 times after
the insulin binding step. Individual colonies from the second round of selections were grown
in 96-well deep well plates and infected with M13KO7. The phage solutions were assayed on
insulin or BSA (negative control)-coated Nunc plates for specific insulin binding in an ELISA
format, as described above. The fold increase in binding signal of insulin over BSA was

calculated and variants with signal > 4 fold was considered a hit and sequenced.
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CHAPTER 5

Photostable and Proteolysis-Resistant Forster Resonance Energy Transfer-Based Calcium
Biosensor

Reprinted (adapted) with permission from Nguyen, D. et al. Photostable and Proteolysis-Resistant Forster
Resonance Energy Transfer-Based Calcium Biosensor. Anal. Chem. 92, 7683-7689 (2020). Copyright 2020
American Chemical Society.
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5.1 Abstract

Molecular sensors from protein engineering offer new methods to sensitively bind to and
detect target analytes for a wide range of applications. For example, these sensors can be
integrated into probes for implantation, and then yield new and valuable physiological
information. Here, a new Forster Resonance Energy Transfer (FRET)-based sensor is
integrated with an optical fiber to yield a device measuring free Ca?*. This membrane-
encapsulated optical fiber (MEOF) device is composed of a sensor-matrix that fills
polytetrafluoroethylene (PTFE) with an engineered Troponin C (TnC) protein fused to a pair
of FRET fluorophores. The FRET efficiency is modulated upon Ca2* ion binding. The probe
further comprises a second, size-excluding filter-membrane that is synthesized by filling the
pores of an PTFE matrix with a polyethylene glycol dimethacrylate (PEGDMA) hydrogel; this
design ensures protection from circulating proteases and the foreign body response. The two
membranes are stacked and placed on a thin, silica optical fiber for optical excitation and
detection. Results show the biosensor responds to changes in Ca?*concentration within

minutes with a sensitivity ranging from 0.01 to 10 mM Ca?*, allowing discrimination of hyper
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and hypocalcemia. Furthermore, the system reversibly binds Ca?* to allow continuous
monitoring. This work paves the way for the use of engineered structure-switching proteins

for continuous optical monitoring in a large number of applications

5.2 Introduction

The development of continuous biomedical sensors provides clinicians and
researchers real-time data on clinically relevant and new physiological signals.! Currently,
the catalog of continuous sensors is vastly outweighed by the number of clinically relevant
analytes, which are largely analyzed with point-of-care (POC) devices or at clinical
laboratories. For example, ionized calcium (Ca2*), an essential mineral for muscle
contraction, bone development, nerve impulses, blood clotting, and regulating heart beat
propagation, is assayed by a calcium blood test; this test requires a healthcare professional
to draw blood from a patient’s median cubital vein and send it to a clinical laboratory for a
complete metabolic panel analysis.?3 The time between depositing a sample and receiving
results may be several hours, or approximately one hour in emergency cases. To eliminate
the latency caused by hospital lab delay, POC devices such as Abbott [-STAT can perform on-
site assays, including Ca?*, providing results within a few minutes. However, the frequency
of assay is still dependent upon typically infrequent, professional blood draws. Though
laboratory assays of Ca2* are precise and accurate, the measurements are intermittent as
compared to physiological Ca?* dynamics. For example, in clinical cases, such as rapid blood
transfusion during liver transplantations, Ca?* concentrations can exhibit rapid transients at
very low concentrations (e.g., drops by 0.1 mM Ca?* in 5 min), underlying the need for a

continuous Ca?* sensor.23
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Advances in protein engineering have yielded new classes of binding macromolecules
that display exquisite ligand binding specificity and yield quantifiable signals upon such
ligand or target binding.*> For example, Maeshime, et al. developed a Forster Resonance
Energy Transfer (FRET)-based molecular Mg?* sensor to monitor Mg?+ dynamics during the
cell cycle. This sensor comprises the structure-switching Escherichia coli (E.
coli) Mg?* transporter CorA (CorA-CD) positioned between the fluorescent proteins (FPs)
enhanced cyan fluorescent protein (eCFP) and Venus (a variant of yellow fluorescent
protein, YFP).6 Furthermore, a genetically encoded calcium indicator, termed Cameleon, has
been reported; this sensor joins structure-switching calmodulin (CaM) and CaM-binding
peptides of Myosin Light-Chain Kinase positioned between eCFP and eYFP to monitor
intracellular calcium.” These FRET sensors demonstrate the specificity and sensitivity of

genetically encoded protein biosensors.

Here, the calcium FRET sensor Twitch-2B is considered for use in a continuous Ca?+
monitor. Twitch-2B was developed by Thestrup et al. for intracellular monitoring of Ca2*
transients during T-lymphocyte activation and action potential propagation in mouse
cortical neurons.8 Twitch-2B is derived from toadfish Opsanus tau Troponin C (TnC), a
muscular actin-associated protein that undergoes structure-switching upon Ca?* binding.
Twitch-2B comprises a modified TnC (equilibrium dissociation constant for Ca2*, Kp = 200
nM) space with linkers, each fused at their free ends to the FPs mCerulean3 (cyan FP variant)
and cpVenus<d (yellow FP variant), at the N- and C-termini, respectively.? Twitch-2B was
determined to be a candidate sensing molecule for a continuous physiological Ca?* probe
because of its reversible binding kinetics, stability in vivo, and sensitivity to varying

CaZ*concentrations.
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A number of calcium sensing modalities have been developed to monitor calcium. Asif et al.
developed an electro-chemical sensor to Ca?* comprising functionalized biocompatible ZnO
nanorods. In vitro testing shows a log-linear relationship between sensor voltage and Ca?*
ranging from 100 nM to 10 mM.° Shortreed et al. functionalized the distal end of an optical
fiber with the calcium sensitive dye Calcium Green and reported a unique emission spectrum

for Ca%* concentrations ranging from 37.6 nM to 39.8 pM.10

These reported strategies lack a method to prevent interactions with physiological
macromolecules, including antibodies, proteases, and other soluble proteins, upon device
implantation. Proteins from the foreign body response (FBR) can foul the surface and
adversely affect sensing for in vivo applications.!! In consideration of an implantable Ca2*
sensor, a new type of Ca2* sensor is presented that combines a FRET-based sensing molecule

with a new membrane to provide the requisite protection for in vivo applications.

An optical fiber device was developed and referred to here as the membrane-
encapsulated optical fiber (MEOF, Figure 5-1). MEOF first comprises a hydrophilic
polytetrafluoroethylene (PTFE) sheet impregnated with a solution of a protein FRET sensor
and placed in contact with the end of an optical fiber. MEOF also includes an outer membrane
composed of a size-selective polyethylene glycol dimethacrylate (PEGDMA) 2000 hydrogel
interpenetrating a second PTFE sheet. Results are presented for Ca%*-sensing MEOF wherein
the FRET sensor is a new photo-resilient variant of Twitch-2B, SNAP-Twitch-2B-CLIP (STC),
which replaces the readily photobleached FPs with photostable Alexa Fluor 488 and Alex
Fluor 546 as the donor and acceptor fluorophore, respectively.13 This Ca2* probe shows a

reversible response curve for concentrations ranging between 0.01 mM to 10 mM, and is
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photostable over prolonged excitation scans, a necessary capability for future implantation.

The probe also operates in real-time, which is critical for a continuous Ca?* biosensor.
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Figure 5-1. Schematic of the FRET calcium ion probe. A. Excitation light results in a FRET
signal analyzed by a spectrometer. B. A size-excluding filter-membrane and sensor-matrix
encapsulate the optical fiber. C. The FRET signal is modulated by calcium ion concentration.

5.3 Experimental Section

Filter-Membrane Fabrication: Monomeric PEGDMA 2000 precursor (Sigma Aldrich)
and Milli-Q water were mixed with a flea-sized micro stirring bar (Grainger) in a 30%/70%
(w/w) ratio in a dark room until a homogenous solution was obtained. Photoinitiator 2-
Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, Sigma Aldrich)
was then mixed at 1% (w/w) and illuminated by a UV (365 nm), 8 W VWR Dual UV
Transilluminator for 10 min to form a hydrogel. Subsequently, filter-membranes were
fabricated by polymerizing the hydrogel precursor solution while in PTFE (FHLC01300, 80%

porosity, 0.45 um pore size, 145 um thick, Sigma Aldrich).
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Permeability Testing: Permeability of hydrogels was tested using 3 mm diameter
disks of PEGDMA 2000. The hydrogels were first allowed to swell overnight in Phosphate
Buffered Saline Solution (PBS, pH 7.4, Thermo Fischer Scientific). Swelling reaches a steady
state in 5 h (Supporting Information, Figure 5-10). The swollen hydrogels were then placed
in a custom-made rubber chamber (frame size: 20 mm x 20 mm, mat opening: 15 mm x 15
mm, height: 1 mm McMaster-Carr), and incubated in PBS solutions containing Alexa Fluor
488 - labeled insulin (5.8 kDa, Supporting Information) or Precision Plus Protein
Kaleidoscope Prestained Protein Standards (Bio-Rad; 10 kDa to 250 kDa) for 30 min.12
Confocal microscopy was performed using either a Leica Sp8 or Zeiss LSM700 inverted
microscope using 488 and 633 nm laser lines and a 10x or 20x objective lens. Emission was
collected from 520 to 700 nm and 650 to 700 nm under 488 and 633 nm laser line excitation,

respectively. Images were acquired every 30 s.

The permeability of the filter-membranes was tested by first creating 1 mm PTFE
disks with a 1 mm biopsy punch (World Precision Instruments). The disks were then glued
(Loctite 4981, Henkel) to the face of MRE-025 microrenathane tubing (ID: 0.30 mm, OD: 0.63
mm, Braintree Scientific) and the hydrogel precursor solution was polymerized within the
pores of the PTFE. A bare optical fiber (FGZ00LEA, 0.22 NA, 200 um core, 220 pm cladding,
Thor Labs) was guided down the tubing and placed in contact with the membrane. Loctite
4981 glue was used to seal the backend of the silica optical fiber to the microrenathane
tubing. The distal end of each optical fiber terminated in an SMA thread and was coupled to
a custom benchtop spectrometer apparatus (Figure 5-11). A set of membrane-fiber units
were fabricated for each test solution described below. After incubation in PBS, the tip of

each optical fiber construct was immersed in a solution containing fluorescein (FITC, 389.4
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Da, Sigma Aldrich), green fluorescent protein (GFP, 26.9 kDa), Alexa Fluor 488 - labeled
insulin (5.8 kDa) or fluorescein isothiocyanate-dextran (3-5 kDa or 150 kDa, Sigma

Aldrich).1314
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Figure 5-2. Fabrication of the membrane-encapsulated optical fiber (MEOF). A.
Microrenathane tubing is cut, and Loctite 4981glue is applied by a small needle to its tip. The
tubing is placed onto a sheet of PTFE cut by biopsy punch B. to produce a capped tube C.
PEGDMA 2000 hydrogel precursor solution is allowed to impregnate the PTFE sheet D. such
that after polymerization, a hybrid PEGDMA2000/PTFE membrane is produced. An optical
fiber guides an PTFE sheet, wetted with FRET protein solution (shown in pink), to the end of
the tubbing E. and then sealed on the back end with Loctite 2981 glue F.

5.4 Fabrication of the Membrane-Encapsulated Optical Fiber (MEOF)

MEOQOF probes were fabricated as illustrated in Figure 5-2. Microrenathane tubing was
cut into 5 mm segments (Figure 5-2A), and the glue was then applied to the bottom annulus
of the tubing (Figure 5-2A) to adhere the tubing to a PTFE sheet (Figure 5-2B). A 1 mm
biopsy punch was slipped over the tubing to cut the PTFE sheet into a circle of 1 mm
diameter. (Figure 5-2C). Next, the hydrogel precursor solution was pipetted on a glass slide

and the PTFE-capped tubing was pressed into the solution. The hydrogel precursor solution
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permeates throughout the PTFE due to their compatible hydrophilicity and was polymerized
with a 365 nm 8 W VWR Dual UV Transilluminator for 10 min, producing a membrane-
capped tube (Figures 5-2D). A second hydrophilic PTFE sheet was wetted with 2 pL of FRET
sensor solution (4 mg/mL) by first pipetting the FRET protein solution onto the PTFE
material and then compressing this sheet between two microscope slides to form the sensor-
matrix. In parallel, a silica optical fiber was incubated overnight in a 2% bovine serum
albumin (BSA, Chromatopur) /water solution to block the optical fiber’s surface and prevent
surface-induced aggregation of the FRET sensor. Next, the sensor-matrix was placed onto
the tip of the BSA-coated optical fiber (Figure 5-2E) and the assembly was pushed through
the tubing until it contacted the filter-membrane (Figure 5-2F). Glue was used to seal the
backend of the silica optical fiber to the microrenathane tubing, and the resulting MEOF was
incubated in protein buffer media at 4 °C for at least 5 h. The assembly quality was assessed
by MEOFs encapsulating GFP to monitor for leakage. These MEOFs were incubated in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer for 5 h (Figure 5-12), and the
solution was tested for leaking GFP using a fluorescent plate reader (Spark, TECAN). No
signal intensity was observed, confirming encapsulation of the protein within the sensor-

matrix.

FRET Calcium Sensing: Each spectral measurement was acquired in triplicate with
exposure times of 100 ms for the Twitch-2B sensor or 2 s for the STC sensor. Back-ground
(dark signal)-subtracted spectra were processed in MATLAB. Custom MATLAB code was
used to process the digitized signals and calculate the FRET ratiometric signal, which here is
defined as the peak acceptor intensity signal divided by the peak donor intensity signal

(Tacceptor/Idonor), @ metric commonly used to quantify FRET efficiency.15
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Calcium solutions (CaCl2*2H20, Sigma Aldrich) at the indicated concentration were
placed in microcentrifuge tubes capped with parafilm to prevent evaporation. MEOF probes
were tested by dipping the devices into these calcium solutions. GraphPad Prism was used

for to fit data points onto nonlinear regression models and for statistical analysis.

5.5 Characterization of the Filter-Membrane

A well-known event, the FBR activates upon device implantation.1l Of particular
importance to the MEOF Ca2* probe, the FBR recruits immune cells that secrete proteases,
which could cleave the Twitch-2B and render the device inoperable. Thus, the device must

exclude protease access to the molecular sensor.

Here, PEG hydrogels are formulated to size-exclude proteases secreted by immune
cells. Such proteases are considerably smaller than immunoglobulins (~150 kDa), and much
larger than calcium ions.1® The smallest of these known proteases is Chymase, which has a
MW of approximately 30 kDa.l” PEG-derived hydrogels were selected for protein exclusion
due to the tunability of their mesh size, swelling, and tensile strength.1819 Additionally, PEG
is considered to be generally nonfouling and biocompatible.?0 Screening of various PEG
formulations and derivates lead to the selection of PEGDMA 2000 hydrogels, formulated as
described in the Experimental Section, and were shown to exclude proteins as small as 10
kDa, but permit transport of insulin (5.8 kDa). Fluorescence signals from the fluorescently
labeled insulin at the hydrogel/fluid interface show very rapid kinetics (Figure 5-3A,5-3C);
in comparison, the 10 kDa and larger proteins show no penetration of the hydrogel as

measured by fluorescence (Figure 5-3B, 5-3C).
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Figure 5-3. Examining the permeability of the PEGDMA 2000 hydrogel. A. Confocal
micrographs of the PEGDMA 2000 hydrogel surrounded by Alexa Fluor 488-labeled insulin
(20X image) or B. a protein ladder (Bio-Rad Protein Kaleidoscope; 10X image) were captured
att= 0. C. Intensity profiles highlight permeabilization by proteins into the indicated regions
of interests (ROIs) over time with normalization for fluorescence in ROI 1. Image] software
was used to analyze ROI intensity.

The PEGDMA 2000 hydrogels are very soft when hydrated, however and too fragile
to place on the tip of a probe for implantation. Thus, a protective PTFE layer was devised.
The hydrogel precursor solution was polymerized within the non-solid phase of
commercially available hydrophilic PTFE sheets. Scanning electron microscopy (FEI
Magellan 400 XHR, Electron Microscopy Solutions) after iridium sputter coating (10nm, EMS
150T, Electron Microscopy Solutions) reveal the natural porosity of PTFE sheets (Figure 5-
4A) and their impregnation by the PEGDMA 2000 hydrogel (Figure 5-4B).This composite,
termed the filter-membrane, combines the size-exclusion properties of the PEGDMA 2000
hydrogel with the durability of PTFE sheets, and offers a robust composite material for the

tip of the Ca?* sensing device.
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Figure 5-4. SEM images of PTFE and the filter-membrane. Scale Bar = 10 um. A. The
PTFE sheets contain 0.45 pm pores that are infiltrated with PEGDMA 2000 hydrogels B. after
UV polymerization. Filter-membranes were tested to ensure they retain the size selectivity
of the hydrogel alone. For each test, a filter-membrane was coupled to the end of an optical
fiber as described in the Experimental Section. Figure 5-5 reports that FITC, 3-5 kDa
fluorescein isothiocyanate-dextran and Alexa Fluor 488-labeled insulin can diffuse through
the filter-membrane, while large macromolecules GFP and 150 kDa fluorescein
isothiocyanate-dextran cannot. Figures S4A and S4B display the time-dependent emission
spectra of Alexa Fluor 488 - labeled insulin and GFP. These results show the filter-membrane
retains the size-exclusion properties of the hydrogel.

Fluorescein Dextran Insulin GFP Dextran
Molecular
Weight (kDa) 0.38 3-5 5.8 26.9 150
Membrane
Permeable? Yes Yes Yes No No

Figure 5-5. Properties of the filter-membrane. Tabulated permeability results indicate
the observed penetration by fluorescently labeled analytes.

5.6 Twitch-2B Ca2* Probe

Calcium sensing membrane-encapsulated optical fiber (MEOF) biosensors were
fabricated as detailed in the Experimental Section, where the FRET molecular sensor was
Twitch-2B. Important to the FRET sensor, the sensor-matrix allows Twitch-2B to remain in
solution, preserving Twitch-2B structure-switching upon Ca2* binding and unbinding. The
resulting MEOF probe has the following key properties. 1) enabling the passage of small

target analytes (e.g., ions and small peptides) yet exclusion of larger proteins (such as serine
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proteases), 2) allowing FRET sensors to undergo conformational changes upon binding and
releasing target analytes, and 3) guiding excitation light to the sensor-matrix and

fluorescently emitted light to the spectrometer.
In Vitro Testing of MEOF Ca?* Probes

To determine the efficacy of the Twitch-2B MEOF Ca?* probe, probes were incubated
in test buffer (25 mM 3-(N-morpholino) propanesulfonic acid (MOPS), 100 mM KCl, pH 7.6)
supplemented with increasing concentrations of Ca?*. For each measurement, 0.7 pyW of 405
nm laser light was used to excite the protein sensor for 100 ms. Results show the FRET ratio
(Tacceptor / ldonor) being sensitive to increasing Ca%* concentration from 0 to 14 mM, above
which the sensor response saturates (Figure 5-6A). Importantly, the MEOF sensor responds
in the physiological concentration range of Ca?*; normal non-protein bound CaZ2*
concentration in human blood plasma ranges from 1.1 to 1.3 mM with pathological values
ranging from 0.33 mM (hypocalcemia) to 2.5 mM (hypercalcemia).112122 The probe-
response curve was fit to a Hill equation, which determined the Kp and Hill constant to be 2.3
mM and 0.78, respectively (R? (Coefficient of Determination) = 0.99, Sy.x (Standard Error of
the Estimate) = 0.07) consistent with binding affinity in a useful range. These results
demonstrate that the intracellular FRET sensor Twitch-2B can be adapted to function in a

hand-held optical device.
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Figure 5-6. Efficacy of Twitch2B to sense calcium ions. A. The dose-dependent response
of the MEOF and its data fit to a Hill equation demonstrates the MEOF’s usefulness for sensing
physiological concentrations of Ca?* (green). lacceptor/ldonor is the emission ratio after
subtracting the spectra for calcium ion-free MOPS buffer. B. Photobleaching of mCerulean3
and cpVenus in calcium-free MOPS buffer is significant, and renders Twitch2B
inappropriate for a MEOF calcium ion monitor; the inset depicts the emission spectra
normalized by mCerulean3 peak intensity.

However, the Twitch-2B accepter fluorophore, cpVenusd (a YFP derivative) is
susceptible to photobleaching, particularly as compared to the donor fluorophore
mCerulean3 (a CFP derivative).23 The photostability of the Twitch-2B MEOF device was
therefore investigated by repeated exposure to 405 nm while in calcium-free test buffer. The
FRET ratio was measured after each exposure and showed significant photobleaching over
time (Figure 5-6B), following an exponential decay in FRET ratio (Rz = 0.99, Sy.x = 0.04), as
expected for exponential photobleaching.242> Further, it has been shown that the CFP-YFP
FRET pair may suffer from phototoxicity when excited with violet wavelengths, resulting in
inactivation of the FRET pair.23 To account for possible effects specific to the MEOF,
photobleaching experiments were conducted using solutions of Twitch-2B. Twitch-2B

solutions were exposed to 45 mW, 405 nm laser light for three min; a non-illuminated
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solution served as a negative control. Solutions were analyzed with the spectroscopic
fluorescent plate reader under three conditions: donor excitation in test buffer, acceptor
excitation in test buffer, and donor excitation in test buffer supplemented with CaCl..
Spectroscopic data (Figure 5-14) confirm photobleaching and consequential loss of

sensitivity to Ca?*.

5.7 The Development of a Photostable Twitch-2B FRET Construct

To overcome cpVenusc photobleaching during MEOF measurements, photostable
fluorescent molecules were sought to replace the mCerulean3-cpVenuscd FRET pair. Small
molecule Alexa Fluor dyes are highly suitable candidates for the MEOF FRET sensor as they
provide greater photostability and brightness compared to genetically encoded fluorescent
proteins and other fluorescent dyes like Cy3 and fluorescein.2627 To conjugate Alexa Fluor
dyes, genetically-encoded SNAP- and CLIP-tags were integrated into Twitch-2B. SNAP and
CLIP-tags, both derived from the human 0¢-alkylguanine transferase; catalyze the covalent

attachment of an O%-benzylguanine (0¢-BG) and 0°-benzylcytosine (0°-BC), respectively.28
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Figure 5-7.STC Ca?* response in a fluorescence plate reader normalized by Alexa Fluor
488 peak intensity. The FRET ratio response is sensitive to increasing concentrations of
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Ca?*. The Twitch-2B sensor was reengineered with SNAP and CLIP tags flanking its N- and C
termini, resulting in, SNAP-Twitch-2B-CLIP, termed STC. The plasmid encoding STC and
plasmid map are shown in Figure 5-15 and 5-16. The new construct was expressed at high
yields and purified using affinity and size exclusion chromatography (Figure 5-17A).
Commerecially available 0¢-BG Alexa Fluor 488 and 0°-BC-Alexa Fluor 546-BC (New England
Biolabs) were covalently attached onto the SNAP and CLIP tags of STC (Figure 5-17B, 5-17C),
and the FRET construct retained its dose-dependent response to Ca2* in a 96-well fluorescent
plate assays (Figure 5-7). The STC construct was, henceforth, used in further investigations
of the MEOF probes.

5.8 Characterization of MEOF Probes with the STC Construct

Here, probe photostability was assessed using a 450 nm laser light to excite the donor
fluorophore Alexa Fluor 488. Each MEOF was incubated in Reference Buffer (RB, 50 mM
HEPES, 50 mM NacCl, 10% glycerol, 10 mM (-mercaptoethanol (BME), pH 7.6) and exposed
to 0.71 mW laser for 2 s per reading. Laser light energy per measurement is 20E3 times
greater for STC as compared to Twitch-2B. No significant FRET ratio change was observed
during the experiment (Figure 5-8A, Relative Standard Deviation, RSD = 0.57%). Thus,
integration of the new donor and acceptor fluorophores provide sufficient photostability for

continuous Ca?* monitoring.

The sensor rise time was assessed by first incubating MEOF probes in RB and then in
RB supplemented with 1.25 mM CaCl.. The FRET ratio was recorded every 3 min for 30 min
after media exchange. The data follow an exponential plateau function (R? = 0.98, Sy.x =
0.004) with a rise time of approximately 6 min, without detectable photobleaching within
the plateau (RSD = 0.47%) (Figure 5-8B). The 6 min rise time is similar to that of commercial
analytical devices, for example, continuous glucose monitors, known to be effective in
guiding treatment of conditions having rapid and slow transients such as seen in type 1

diabetes.2°
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Next, MEOF probes were incubated in RB solutions having Ca?* concentration ranging
from 0 to 20 mM. The data shows sensitivity to Ca?* across the measured range (0.01 mM to
10 mM), and a functional form consistent with the Hill equation (Figure 5-8C; R? = 0.99, Sy.x
= 0.01) having a Hill constant and Kp values of 0.4 and 0.1 mM, respectively. As indicated by
the green region in Figure 5-8C, the MEOF is sensitive across the physiological range of
ionized Ca?* concentration in the blood, and extends the dynamic range of the Ca?* sensing
modalities previously mentioned.11-13 This extended sensitivity range correlates with the

Hill constant being less than one, affording a stretched ‘linear region’ of sensitivity.30
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Figure 5-8. CaZ* sensing with the MEOF probe. A. The STC exhibits excellent stability in
reference buffer. B. Steady state measurements are observed 6 min after the addition of
calcium ions; the inset depicts the emission spectra normalized by donor peak intensity. C.
The STC exhibits a dose-dependent response, and the data fits to a Hill equation. Lacceptor/ldonor
is emission ratio after subtracting spectra in calcium ion-free RB. D. The MEOF device has
excellent reproducibility after serial exposures to either buffer supplemented with Ca?+ (1
mM) or RB.
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To test for sensor reversibility, MEOF probes were serially placed in RB solutions with
or without 1 mM CaCl; (Figure 5-8D;). A one-way ANOVA was conducted to compare effects
of Ca?* on FRET ratio. There was a significant effect of Ca?* across all groups (P < 0.0001).
The Tukey post-hoc comparison with adjusted P values shows no significant differences
between the three RB solution groups or the two RB + 1 mM CaCl; groups (p € 0.99 for each
comparison), but significant differences between each pairing of RB or RB + 1 mM CacCl;
groups (p < 0.0001 for each comparison). Notably, sensor dynamics are considerably slower
when comparing Ca2* unbinding (Figure 5-18) to binding (Figure 5-8B). Although the
cytoplasmic Twitch-2B has previously demonstrated rapid unbinding kinetics in cellulo,
cells contain orders of magnitude lower calcium concentration as compared to the blood and
contain unique pumps and transporters that rapidly reduce cytoplasmic Ca?*
concentration.3! And so, it is unsurprising that MEOF fall-times are relatively long given the

passive diffusion of Ca2* ions at concentrations mimicking the blood.

5.9 Protection from Proteolytic Enzymes
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Figure 5-9. Sensor Isolation from Proteinase K. A. Proteinase K cleaves STC resulting in a
diminished acceptor intensity signal. B. However, the MEOF successfully protects the protein
sensor as demonstrated by the observed increase in FRET efficiency.

To model immune system proteolytic enzymes secretion during the FBR, the STC
MEOF was incubated with the endopeptidase serine protease Proteinase K (28.9 kDa, New
England Biolabs).3? The solution comprises 692 pM proteinase K in a solution of 20 mM Tris-
HCI, 1 mM CaCl; and 50% glycerol by volume. Emission spectra confirm that proteinase K in
the Ca?* solution rapidly cleaves the STC and results in a 26% loss in acceptor fluorescence
(Figure 5-9A). Conversely, uncleaved STC should show an increase in acceptor fluorescence
over time due to FRET. This increase is observed for the MEOF incubated in the proteinase
K solution for 30 min, demonstrating that the filter-membrane successfully excludes the
proteinase K (Figure 5-9B). These findings highlight the need for and the key role of the size-

excluding filter-membrane to circumvent the FBR.

5.10 Conclusion

This effort has produced an optical fiber-based probe, MEOF, designed for prolonged
measurements of Ca2* concentrations in vivo. Such capabilities result from (1) encapsulating
protein FRET sensors within the pores of a mechanically robust PTFE sheet, such that FRET
sensors are free to undergo conformation changes, (2) excluding host proteases by a hybrid
PTFE-PEGDMA membrane, and (3) elimination of deleterious photobleaching of FPs in the
Twitch-2B FRET sensor by installing small molecules for the donor and acceptor FPs,
respectively. This approach is generalizable to the larger class of protein FRET sensors ( e.g.
ATP and Zn?+*).3334 Further, the molecular weight cut off properties of the hybrid filter-

membrane can be tuned for other applications or FRET sensors by new hydrogel formulation
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comprising PEG derivatives, or other commonly used hydrogels such as alginate and
hyaluronic acid. In summary, the MEOF probe can be easily adopted to include new FRET

sensors to generate a new class of analytical probes.

5.11 Materials and Methods

Expression and Purification of SNAP-Twitch-2B-CLIP (STC). Plasmids encoding STC
were transformed into chemically competent BL21(DE3)* E. coli cells. After the cells were
transferred to LB plates supplemented with carbenicillin (0.050 mg/mL), the cells were
incubated at 37 °C for 12-18 h. An individual colony from the transformation plate was
inoculated with LB (70 mL) supplemented with carbenicillin (0.050 mg/mL). The flasks were
incubated at 37 °C with shaking at 220 rpm for 12-18 h. This seed culture (15 mL) was
transferred into LB (1 L) supplemented with carbenicillin (0.050 mg/mL) before incubation
at 37 °C with shaking at 220 rpm. Upon reaching a cell density of ODsoo between 0.50 and
0.56, the culture was induced through addition of IPTG (0.5 mM) before incubation at 25 °C
with shaking at 225 rpm for 6 h. The cultures were centrifuged at 6084.1 rcf at 4 °C for 20
min. The supernatant was discarded, and the cell pellet was resuspended in lysis buffer (20
mL of 50 mM HEPES buffer, 300 mM NacCl, 10 mM (-mercaptoethanol (BME), pH 7.6). A
protease inhibitor cocktail (HALT) was added to the suspended cells at the manufacturer’s
recommended concentration, and the cells were lysed by sonication at a 50% amplitude
pulsation (1 sonand 1 s off) for a 1-min cycle and a 2-min rest between each cycle, for a total
of 5 cycles. The lysate was centrifuged at 26891.1 rcf at 4 °C for 45 min. The supernatant was
loaded onto a nickel-charged microporous polymethacrylate resin (MIDA, Purolite). The

supernatant underwent batch binding with the charged resin overnight in 4 °C with a slow
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tilt rotation. After batch binding, the mixture was homogenized by inversion and applied to
a gravity column. Flow through, wash, and elution fractions were collected using the lysis
buffer, lysis buffer with imidazole (40 mM), and lysis buffer with a higher concentration of
imidazole (250 mM), respectively. The fractions containing the desired protein was further
purified using fast protein liquid chromatography (FPLC) using a Superdex™ 75 10/300 GL
column (GE Healthcare). The column was washed with 1 volume of 20% ethanol and 1
volume of double-distilled water and pre-equilibrated with 1 column volume of a size
exclusion reference buffer (RB, 50 mM HEPES, 50 mM NaCl, 10% glycerol, 10 mM BME, pH
7.6) at a flow rate of 0.2 mL/min. The protein was eluted with the RB at 0.2 mL/min. A 12%

polyacrylamide SDS-PAGE gel confirmed the homogeneity of the protein.

Bioconjugation of Fluorophores onto STC. At 37 °C for 1 h in the dark, the purified
protein was incubated with BG-Alexa Fluor 488 and BC-Alexa Fluor 546 dyes (New England
Biolabs) in a 1:2:2 molar ratio (protein:BG-dye:BC-dye) in DMSO with the addition of
dithiothreitol (DTT, 1 mM). Unbound dye was removed by microfiltration of the solution
with a 10 kDa molecular weight cut off (MWCO) microfilter (Amicon Ultra-0.5 Centrifugal

Filter Unit) at 17136 rcf at 4 °C for 5 min.

Expression and Purification of Twitch-2B. Using BL21(DE3) (Thermo Scientific™)
chemically competent E. coli cells, the miniprepped CFP-Twitch2B-YFP plasmids were heat
shock transformed. The cells were plated on warm LB agar plates supplemented with
carbenicillin (50 mg/mL) and placed in a 37 °C incubator to grow for 12-18 h. Seed cultures
were made by picking single colonies from the transformation plates and inoculating into a

culture tube with 5 mL LB and 5 pL of carbenicillin (50 mg/mL). The tubes were left to grow
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at 37 °C, shaking at 220 rpm, for 6 h. An expression culture was made by adding the seed
culture in 1 L of LB and 1 mL of carbenicillin (50 mg/mL). The expression culture was left to
grow at 37 °C, shaking at 220 rpm, until the ODgoo is at 0.6. Once it has reached this ODeoo,
the culture was induced with isopropyl-B-D-thio-galactoside (IPTG, 1 mM). The expression

culture was moved to a pre-cooled 25 °C incubator for induction at 225 rpm for 12 to18 h.

The culture was removed from the incubator and centrifuged at 6084.1 rcf at 4 °C for
20 min to harvest the cells. The cells were resuspended in 20 mL of lysis buffer (25 mM MOPS
buffer, 100 mM KCI, pH 7.6). A protease inhibitor cocktail (HALT) was added to the
suspended cells at the manufacturer’s recommended concentration. The suspended cells
were lysed by sonication at a 50 % amplitude pulsation (1 second on and 1 second off) for a
1-min cycle and a 2-min rest between each cycle, with a total of 3 cycles. The lysate was
centrifuged at 26891.1 rcf at 4 °C for 45 min. The supernatant was loaded onto a nickel
charged immobilized metal affinity chromatography (IMAC) resin (1.5 mL of IMAC charged
with NiSO4 and equilibrated with the lysis buffer) The supernatant underwent batch binding

to the charged IMAC resin overnight in 4 °C with constant shaking.

After batch binding, the IMAC/supernatant mixture was homogenized by inversion
and loaded into a gravity column. The following fractions were collected: a flow through
fraction (FT), a wash fraction using a solution of lysis buffer with 25 mM imidazole (W), and
elution fractions using a solution of lysis buffer with 250 mM imidazole (E1-5). SDS-PAGE
confirmed the expression of the protein and its purity. Ethylenediaminetetraacetic acid

(EDTA, 0.5 M) was added to the eluted fractions containing the protein of interest and the
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mixture was dialyzed in 4 L of lysis buffer overnight and concentrated to approximately 1

mL.

Tagging Insulin with N-Hydroxysuccinimide Ester (NHS)-Alexa Fluor 488. In order
to label insulin with Alexa Fluor 488, Alexa Fluor 488-NHS ester (Thermo Fisher Scientific)
and recombinant human insulin were combined at final concentrations of 20 uM and 84 pM,
respectively, in a total volume of approximately 180 pL. The volume was split into 30 small
reactions and incubated in a thermocycler for 1 h at 4 °C. The total volume of the reaction
was serially dialyzed for 3 h and then overnight in 2 L of PBS pH 8.0, such that unbound,

hydrolyzed NHS-Alexa Fluor 488 could be removed from the labelled insulin solution.

Fluorescence Imaging of SDS-PAGE Gels. Tagging of SNAP- and CLIP-tags with Alexa
Fluor 488 and Alexa Fluor 546 was visualized by imaging the fluorescently tagged proteins
on a 0.75 mm thickness SDS-PAGE using a Typhoon Trio+ Scanner (GE Healthcare) in
“fluorescence acquisition” mode Fluorescent signals from Alexa Fluor 488 was imaged using
the Green (532 nm) laser and the 526 SP filter at 500 PMT voltage, whereas for detecting
Alexa Fluor 546, the Green (532 nm) laser and 580 BP filter at 400 PMT voltage was used.
Images were recorded at 25-micron pixel size for high resolution scanning. Once fluorescent

signals were imaged, the total protein was visualized using Coomassie dye.

Fluorescent Intensity Measurements by TECAN Spark Plate Reader. In a Corning
black polystyrene 96 well plate, 100 puL of buffer (either TB or RB) was used to fill the wells
unless otherwise stated. 4 pL of protein sensor solution was added to each well, and 405 nm

and 450 nm excitation light were used excite the donor fluorophores on Twitch-2B and STC,
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respectively. Emission spectra from 450 to 600 nm and 500 to 600 nm were collected for

Twitch-2B and STC. Excitation and emission bandwidths were set to 5 nm.

Determining Protein Concentration using the Bradford Assay. Protein
concentration was determined with the Bradford protein assay. BSA standards and the
protein samples were introduced to Coomassie Brilliant Blue G-250 dye (Bio-Rad) for
protein binding in 96 well Costar plate (SKU#3595), which undergoes a colorimetric change.
Absorbance is measured at 595 nm, and the protein concentration is determined through

interpolation of the standard curve.
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Figure 5-10. Swelling studies of PEGDMA 2000.

PEGDMA 2000 hydrogels were allowed to swell in PBS, pH 7.4 at room temperature to reach
a steady state mass. To quantify the degree of swelling, the swelling ratio of the hydrogel
was calculated. The formula is shown in equation 1

Sp = %SL * 100 Equation 1

where Sris the hydrogel swelling ratio, W;is the hydrogel swell mass after incubation in PBS,
pH 7.4 at room temperature and W; is the initial hydrogel mass right after polymerization.3>
The results indicate that A. the hydrogel reaches a steady state mass after 5 h of incubation
after which B. there is no change in Sr for up to two weeks (relative standard deviation (RSD)
= 0.87%).
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Figure 5-11. Spectroscopic Benchtop System. A benchtop optical system was constructed
for MEOF excitation and emission collection. The system was integrated into a cage system
to maintain fiber alignment. In the case of STC, excitation light is provided by a 450 nm
continuous wave laser (4.5 mW, CPS450 ThorLabs) that is mechanically shuttered
(CX2450B, NM Laser Product). The beam passes through a variable neutral density filter
wheel (NDC-25C-4, Thorlabs) to reduce power in the beam. The beam then passes through
a filter cube block (CM1-DCH with attached SM30 circular filter mounts tubes, Thorlabs),
comprising a 450 nm bandpass filter (ET448/19%, Chroma) tuned to the laser wavelength, a
dichroic beam splitting mirror with center wavelength at 458 nm (ZT458rdc, Chroma), and
a 465 nm long pass filter (AT465lp, Chroma) in the emission pass to filter out any back-
reflected laser light. Laser light reflected off the dichroic mirror is focused by a M-5x
microscope objective lens (0.10 NA, Newport) into a SMA-SMA optical fiber patch cable
(M92L01, Thorlabs). This optical fiber is attached to a SMA female plate mounted within a
XY translation stage (ST1XY-S Translation Mount, Thorlabs) for fine X-Y alignment of the
optical fiber relative to the focused laser beam. The MEOF is coupled to the distal end of the
patch cable by a SMA to SMA mating sleeve (ADASMA, Thorlabs) Fluorescence emission is
collected by the MEOF and collimated into our cage system, passing through the dichroic
mirror and the 465 nm longpass filter, where it is coupled into an optical fiber. This coupling
uses the same strategy as for the laser light into the MEOF system. The distal end of the
optical fiber directs light into a spectrometer (CCS200, Thorlabs). ThorLabs software collects
spectrometer data that is subsequently analyzed in MATLAB (MathWorks). In the case of the
Twitch-2B construct, the laser, excitation, dichroic, and emission filters were replaced with
a 405 nm continuous wave laser (Newport LQA305-40P laser, 45 mW maximum power),
FBH405-10, DMLP425R, and FELHO0450 filters (Thorlabs) respectively.

164



== |ncubation Media
== Hepes Buffer
== Hepes Buffer with GFP

4000

N oW
o O
S B
2

1000

0 . .
500 550 600
Wavelength (nm)

Fluorescence Intensity (R.F.U)

Figure 5-12. GFP encapsulation within the MEOF. GFP was loaded into the sensor-matrix
of the MEOF probe and incubated in HEPES buffer for 5 h. 150 pL of the HEPES buffer was
then analyzed with a fluorescence plate reader (red). For the experiment, negative and
positive controls include 150 pL of HEPES buffer without GFP (black) and 150 pL of HEPES
buffer spiked with 0.1 uL of GFP at 4 mg/mL (green). The spectral curves demonstrate GFP
encapsulation within the MEOF.
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Figure 5-13. Selective permeability of the filter-membrane. The spectral curves
demonstrate GFP encapsulation within the MEOF. Diffusion spectra (top) and schematic
representation (bottom) of fluorescently labeled (A) insulin and (B) GFP demonstrate
selective permeability by the MEOF.
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Figure 5-14. FRET properties of non-photobleached and photobleached Twitch2B
samples. Both solutions contained 150 pL of Twitch2B protein (4 mg/mL). For the
photobleached samples, both A. donor excitation at 405 nm and B. direct acceptor excitation
at 475 nm have an absent acceptor fluorescence signal. C. Moreover, donor excitation with
the introduction of Ca2* does not increase the FRET efficiency in the photobleached sample.

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGACAAAGACTGCGAAATGAAGCGCACCAC
CCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACAGGGCCTGCACCGTATCATCT
TCCTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAAGTGCCTGCCCCAGCCGCCGTGCTGGGC
GGACCAGAGCCACTGATGCAGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCAT
CGAGGAGTTCCCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACCCGCCAGG
TGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCGGAGAGGTCATCAGCTACAGCCACCTGGCCGCC
CTGGCCGGCAATCCCGCCGCCACCGCCGCCGTGAAAACCGCCCTGAGCGGAAATCCCGTGCCCATT
CTGATCCCCTGCCACCGGGTGGTGCAGGGCGACCTGGACGTGGGGGGCTACGAGGGCGGGCTCGC
CGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCAAGCCTGGGCTGGGTCGCATGC
AAGTTGCCGACGCCAGCGAAGAGGAACTGAGCGAGTGCTTCAGAATCTTCGACTTCGACGGCAAC
GGCTTCATCGACAGAGAGGAGTTTGGCGACATCATCAGACTGACCGGCGAGCAGCTGACCGACGA
GGACGTGGACGAGATCTTCGGCGACTCCGACACCGACAAGAACGGCAGAATCGATTTCGACGAGT
TCCTGAAGATGGTGGAAAACGTGCAGCCCATCTACCCCGAGCTCGACAAAGACTGCGAAATGAAG
CGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACAGGGCCTGCACCG
TATCATCTTCCTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAAGTGCCTGCCCCAGCCGCCG
TGCTGGGCGGACCAGAGCCACTGATCCAGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCT
GAGGCCATCGAGGAGTTCCCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAGCTTTAC
CCGCCAGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCGGAGAGGTCATCAGCGAGAGCCACC
TGGCCGCCCTGGTGGGCAATCCCGCCGCCACCGCCGCCGTGAACACCGCCCTGGACGGAAATCCCG
TGCCCATTCTGATCCCCTGCCACCGGGTGGTGCAGGGCGACAGCGACGTGGGGCCCTACCTGGGC
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GGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCAAGCCTGGGCTGGG
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Figure 5-16. Plasmid Map of the gene encoding the STC protein in the pRSETB vector.
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Figure 5-17. Production of STC. (A) SDS-PAGE was used to analyze the FPLC fractions
to show the high protein yield and purity of STC. A. After STC protein was fluorescently
labelled with Alexa Fluor 488 and 546 dyes using orthogonal SNAP and CLIP tags, which was
confirmed with a B. Typhoon fluorescence scanner.3¢-38 The covalent linkage of the Alexa
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Figure 5-18. Unbinding of CaZ*. The lacceptor/ldonor ratio falls after media exchange from RB

with CaClz (1.25 mM) solution to calcium-free RB. Inset: Emission spectra at times 0 and 68
min.
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CHAPTER 6

Under 5 Minute Immunoblot Assays by Vortex Fluidic Device Acceleration
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6.1 Abstract

Unlocking the potential of personalized medicine in point-of-care settings requires a new
generation of biomarker and proteomic assays. Ideally, assays could inexpensively perform
hundreds of quantitative protein measurements in parallel at the bedsides of patients. This
goal greatly exceeds current capabilities. Furthermore, biomarker assays are often
challenging to translate from benchtop to clinic due to difficulties achieving the necessary
selectivity, sensitivity, and reproducibility. To address these challenges, we developed an
efficient (<5 min), robust (low CoVs), and inexpensive (decreasing reagent use and cost by
>70%) immunoassay method. Specifically, the immunoblot membrane is dotted with the
sample and then developed in a vortex fluidic device (VFD) reactor. All assay steps -
blocking, binding, and washing - leverage the unique thin-film microfluidics of the VFD. The
approach can accelerate direct, indirect, and sandwich immunoblot assays. The applications

demonstrated include assays relevant to both the laboratory and the clinic.

6.2 Introduction

The promises of personalized medicine require efficient, inexpensive testing for the
presence and concentration of biomarkers. Low-cost diagnostics for broad deployment of
precision medicine also represent a health justice issue, as high-tech medical devices often
neglect resource-limited areas.! The extreme disparity between technologically lagging and

advanced settings directly impacts disease mortality and morbidity, particularly for

172



infectious diseases.? Thus, a clear need exists for a simple, cost-effective platform technology

to advance precision medicine worldwide.

Point-of-care (PoC) tests have revolutionized diagnostics and patient care. For
example, the rapid Strep A test has reduced unnecessary antibiotic treatments with clear
benefits to public health.3 Similarly, PoC influenza tests can allow early antiviral
intervention, if conducted within 72 hours post-symptom onset.#> The pregnancy test for
chorionic gonadotropin has changed women'’s reproductive health and has emerged as both
the most common at-home and PoC diagnostic test.® Despite these successful examples, a
clear gap exists between the thousands of evidence-based biomarkers reported and their
validation in the clinic.” Thus, technology allowing PoC biomarker validation and widespread

deployment is required to close this gap.

Already used extensively for biomarker-based tests, immunoblot assays (IAs) offer a
low-tech, but highly effective disease diagnostic. For example, an IA was developed as a cost-
effective tool for detection of Dengue, a rampant ailment in countries lacking medical
infrastructure for more complicated testing.? Similarly, [As have been developed for the
diagnosis of myofibrillar myopathies.? Most prominently, an IA is used in concert with an
enzyme-linked immunosorbent assay (ELISA) to diagnose human immunodeficiency

virus.10.11

However, [As typically incur high costs and have complex protocols and low
sensitivity.1213 Despite these limitations, IAs in laboratories are often used to optimize
conditions for the more experimentally demanding and time-consuming Western blot. A

conventional IA typically requires >2 hr and consumes significant amounts of expensive
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reagents (e.g., primary and secondary antibodies).'* Kurien et al. previously described a
shortened, >40 min IA protocol reliant on processing the blot with reagents pre-warmed to
37 °C, which suggests thermally driving equilibration is one approach to accelerating [1As.15
An alternative, especially for temperature sensitive applications, the Vitrozm Zoom Blot

Plate, a single-use apparatus, can perform a multiplexed IA in 60 min.16

Eliminating the IA’s background is key to improving its sensitivity. Wu et al
determined that inefficient washing is the main contributor to high background in [As.1” We
envisioned applying the mechanical energy of a vortex fluidic device (VFD) to provide
stringent washes, accelerated equilibration, and decrease 1A background. Previously, the
VFD has been used to drive protein purification and tethering!8, recovery of DNA from
formalin-preserved tissuel?, protein folding2%, and embedding active enzyme in xerogels.2!
Here, we report using the VFD to improve IA sensitivity and reduce processing time to <5

min.

6.3 Results and Discussion
To access the unique microfluidics of the VFD, IAs were performed entirely inside a
VFD quartz reactor. Briefly, antigens were dotted on a nitrocellulose membrane that was

sandwiched between two sheets of filter paper. The paper assembly was rolled into a
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cylinder and placed concentrically within the VFD reactor. All subsequent blocking, binding,

and washing steps then took place inside the spinning VFD.
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Figure 6-1. Optimization of the VAIA method. A. Nitrocellulose membranes dotted with target antigens
are concentrically placed in a VFD reactor. The VFD reactor is tilted at 45° and rotated at 1500 rpm
throughout the assay steps. Membranes are removed from the VFD reactor and the assay dots are visualized
with a colorimetric reagent. B. An indirect phage IA was used to optimize VAIA rotational speed and assay
time. Systematic screening of 9 combinations of these parameters revealed 1500 rpm and a 4.5 min assay
time yielded the highest signal-to-noise ratios and lowest error. Error bars represent SEM (n = 3). C. A
direct eGFP-FLAG detection 1A was used to compare quantitation with VAIA to the conventional IA method.
VAIA was faster, more robust, and more sensitive than the conventional method. The fluid flow was
examined by performing VAIA with either hemispherical-bottom VFD reactors or flat-bottom VFD reactors.
Error bars represent SEM for each group of dots on each immunoblot (n = 3). Coefficients of variance
indicate variation between separate immunoblots (n = 3).

The initial optimization of the VFD-accelerated IA (VAIA) was performed with a
previously described, robust assay format.22 The dotted HSA antigen was captured by
addition of a small quantity (2 mL of 1 nM phage) of a phage-displayed HSA binding ligand
and visualized by colorimetric activity of a peroxidase-conjugated, phage-specific antibody

(2 mL of 1:10,000 diluted antibody in PBS) (Figure 6-1A). The VFD conditions, including
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rotational speed and time, were subject to optimization. Ultimately, 1500 rpm and 4.5 min
total of blocking (1 min), phage binding (2 min), antibody binding (1 min), and washing (2 x
15 s) steps yielded the greatest signal-to-noise ratios and the lowest levels of non-specific

background binding (Figure 6-1B).

Next, a direct assay further demonstrated the generality of the technique and
revealed the effects of fluid flow on VAIA (Figure 6-1C). The model protein, enhanced green
fluorescent protein with a C-terminal FLAG-tag (eGFP-FLAG)?3, was detected with an anti-
eGFP peroxidase-conjugated antibody. The assay was performed in either a hemispherical
quartz VFD tube (VAIA-Hemi) or a flat-bottom quartz VFD tube (VAIA-Flat). At the optimal
speed, the curved hemispherical base of the tube and the curved wall of the tube are expected
to create a Coriolis fluid flow impacting the inner surface of the tube. Overall, the fluid flow
afforded by the VAIA-Hemi resulted in more sensitivity and lower variability, where the
rapid processing arises from the Coriolis fluid flow inducing high mass transfer into and out

of the membrane.

The multifunctional eGFP-FLAG fusion protein provided a useful model to
demonstrate a multitude of classic IA methods. The FLAG-tag was used as the antigen in both
indirect (4.5 min) and direct (3.25 min) IA formats (Figure 6-2A). Both formats delivered a
dose-dependent response and the expected binding patterns (i.e., one format has higher
sensitivity due to stronger binding affinity). Specifically, the direct FLAG immunoblot has
drastically reduced signal below 0.33 pM. However, the indirect FLAG immunoblot maintains

a detectable signal to concentrations of eGFP-FLAG as low as 0.04 pM. These data are
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consistent with the finding that indirect immunoassays are generally more sensitive due to

signal amplification by the secondary antibody.[2¢]
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Figure 6-2. Generalization of VAIA to three common immunoassay formats. A. Both an indirect and
direct anti-FLAG VAIA allowed dose-dependent quantification of eGFP-FLAG. The different binding modes
cause the data to vary in both sensitivity and saturation limit. B. Anti-FLAG antibodies captured either FLAG
phage or eGFP-FLAG for sandwich VAIAs. Detection of FLAG phage was more sensitive, but both methods

resulted in useful signal. A schematic for each assay format is provided (middle). Error bars represent SEM
(n=3).

Another common IA, the sandwich-format, features an antigen entrapped between
two noncompetitive antibodies. VAIA enabled two different sandwich-format assays to be
performed with each requiring <5 min (Figure 6-2B). An anti-FLAG antibody was dotted on
the membrane and captured either eGFP-FLAG or FLAG-tagged M13 bacteriophage (FLAG
phage). The eGFP-FLAG fusion was sandwiched with anti-eGFP-HRP; the FLAG phage was

sandwiched with anti-M13-HRP. Both immunoblots demonstrated dose-dependent binding;
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however, the FLAG phage signal was significantly more intense and sensitive. Taken as a

whole, the wide variety of IA formats demonstrate the generality and robustness of VAIA.
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Figure 6-3. Generalizability of VAIA with different blocking agents. A direct detection of eGFP-FLAG
with anti-eGFP-HRP was performed with no blocking (PBS-T), 1% bovine serum albumin (BSA), 1% non-
fat milk (NFM), and 5% ChonBlock (5% CB) to demonstrate the utility of VAIA with blocking systems
currentlv used in research and clinical settings. Error is represented as SEM (n = 3.

The previously described assays were all performed with a commercial blocking
agent, ChonBlock (CB). However, researchers typically block with solutions of bovine serum
albumin (BSA), non-fat milk (NFM), or high concentrations of the non-ionic detergent
Tween-20. Therefore, the eGFP-FLAG direct detection with anti-eGFP-HRP was repeated
with these more common blocking conditions (Figure 6-3). All four blocking conditions
resulted in a robust signal; however, 5% CB had the best signal-to-noise and therefore the

best sensitivity. The experiments illustrate the adaptability of the VAIA platform for

application to a variety of IA conditions and reagents.

VAIA also works well for potential clinical applications. In clinical samples,
endogenous proteins can be challenging to detect due to the complex composition of the
biofluid, including interfering substances. Human serum albumin (HSA) levels in the body
are a biomarker for malnutrition, cirrhosis, and kidney disease.?4#2> Here, detection of

endogenous HSA in diluted plasma, sera, urine, and blood from human patients validated
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testing of biofluids with VAIA (Figure 6-4A). HSA levels were the highest in blood, followed
by plasma, then sera. In urine, the measured HSA levels were undetectable (i.e., comparable
to the negative control). This result is predictable, as urine from healthy donors should be

relatively HSA-free.26
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Figure 6-4. Clinical potential of VAIAs with biofluids. A. An indirect HSA immunoassay in plasma,
sera, urine, blood, and PBS demonstrated VAIA applicability to a variety of biofluids. B. IgM and IgG
levels in plasma from healthy and COVID-19 patients were assayed with VAIA. Error bars represent SEM
(n = 3). ANOVA with Tukey’s multiple comparisons yields p-values of *<0.05, ***<0.001, ****<0.0001.

Several diseases can be diagnosed through the assessment of immunoglobulin levels
in biofluids.27-2° However, the current state-of-the-art immunoglobulin assays are lengthy
and complicated. Here, pooled plasma from healthy donors and COVID-19 patients further
characterized the clinical potential of VAIA (Figure 6-4B). Interestingly, immunoglobulin G
(IgG) levels were consistent amongst the pooled plasma (no significance by ANOVA), and
immunoglobulin M (IgM) levels varied drastically from one another. This data agrees with
previous measurements from our laboratory.?3 In summary, the strong wash conditions of

VAIA can overcome interfering substances during [As with clinical samples.
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The approach described here could find use in many chemical processes requiring
the interactions of solid and liquid states. In diagnostics, for example, molecular recognition
often requires molecules in liquid-phase to bind to a target affixed to solid support. The VFD-
driven rapid equilibration could accelerate equilibration of otherwise slow binding events.
Furthermore, the >10-fold acceleration, combined with decreased cost, and simplified
execution suggests the work reported here could advance IAs in academic, industrial, and

clinical spaces.

We conclude by noting that VAIA satisfies the requirements for bringing proteomic
assays to PoC settings. VAIA is robust, rapid, and technically simple to execute, unlike
conventional IAs. This conclusion was verified by an independent operator who replicated
the Materials and Methods. Additionally, the large number of assay formats in this report
demonstrates VAIA’s adaptability to a variety of established immunoassay formats. The
approach can be readily scaled to examine hundreds to potentially thousands of proteins in
one assay using a <5 min, inexpensive sandwich format assay. Most importantly, the data are
unambiguous, digitizable with a cell phone camera, and robust. Therefore, VAIA could
address the gap between development and implementation of biomarker-based precision

medicine.

6.4 Materials and Methods

Propagation and Purification of M13 Phage-Displayed Peptide Ligands. The HSA-
binding- or FLAG-phagemid was transformed into SS320 Escherichia coli (E. coli) competent
cells and heat-shocked at 42 °C for 40 s. The cells were plated onto a pre-warmed LB-

carbenicillin plate at 37 °C overnight. Near a flame, a 20 mL primary culture of 2YT (16 g
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tryptone, 10 g yeast extract, 5 g NaCl in 1 L autoclaved, nanopure water) with carbenicillin
(50 mg/mL) and tetracycline (5 mg/mL) was inoculated with a single colony and incubated
with shaking at 225 rpm and 37 °C until an ODeoo of 0.5 to 0.7 was reached. Next, the primary
culture was induced by addition of isopropyl (-D thiogalactopyranoside (IPTG, 30 uM) and
M13KO7 helper phage (8 nM, 5 pL). After incubation for 45 min at 37 °C with shaking at 225
rpm, 8 mL of the primary culture was transferred to 150 mL of 2YT supplemented with
carbenicillin (50 ug/mL), kanamycin (20 ug/mL), and IPTG (30 uM) and incubated for 18 h

at 30 °C with shaking at 225 rpm.

To harvest the phage, the expression culture was centrifuged at 10 krpm (15300 x g)
for 10 min at 4 °C. The supernatant was transferred to a 250 mL centrifuge bottle with 30
mL of 20% (w/v) PEG-8000/2.5 M NaCl and inverted three times. After incubation on ice for
45 min, an additional centrifugation was done at 10 krpm (15300 x g) for 30 min at 4 °C.
Without disturbing the pellets, the supernatant was decanted, and the centrifuge bottles
were centrifuged with pellets facing away from the central axis of the rotor at 4 krpm (2,500
x g) for 4 min at 4 °C. The pellets were resuspended in 1X PBS (10 mM phosphate, 137 mM
NaCl, pH 7.2) supplemented with TWEEN-20 (0.05%, v/v) and glycerol (10%, v/v), aliquoted
into 1.5 mL Eppendorf tubes, flash frozen with liquid nitrogen, and stored at -80 °C. As
required, the phage were thawed on ice. One-fifth of the total volume of 20% (w/v) PEG-
8000/2.5 M NaCl was added, and the phage was incubated on ice for 45 min. Next, the phage
were centrifuged at 10 krpm (15300 x g) for 30 min at 4 °C. The supernatant was decanted,
and the pellets were resuspended in 1X PBS. The phage were centrifuged a final time at 10

krpm (15300 x g) for 10 min and decanted into a clean tube. The phage concentration was
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determined by measuring the absorbance at 268 nm, multiplying the Az¢g value by a factor
of 8.14, and correcting for the dilution factor.

Expression and IMAC Purification of eGFP-FLAG. A pET28c plasmid containing
eGFP-FLAG fused to an N-terminal His-tag was transformed into BL21 DE3* E. coli heat-
shock, competent cells. Cells were plated on a carbenicillin-supplemented (50 pg/mL) LB-
agar plate and incubated at 37 °C overnight. A single colony was transferred to an overnight
culture of 25 mL LB media (10 g tryptone, 10 g NaCl, 5 g yeast extract in 1 L autoclaved
nanopure water) supplemented with carbenicillin (50 pg/mL) and incubated at 37 °C for 18
h. An expression culture of 500 mL LB supplemented with carbenicillin (50 pg/mL) was
inoculated with 5 mL of the seed culture before incubation at 37 °C with shaking at 225 rpm
until an ODeoo ~0.5 was reached. The cultures were induced by addition of 0.5 mM IPTG and
incubated for 18 h at 25 °C. To harvest the protein, the culture was centrifuged (9632 x g)
for 20 min, resuspended in lysis buffer (20 mM Tris-HCl, 250 mM NacCl, pH 8), and sonicated.
The lysate was centrifuged (26,892 rcf, 45 min, 4 °C), and the supernatant was incubated
with charged Ni2+-charge IMAC (Profinity™) resin overnight on a rotary shaker (150 rpm at
4 °C). The resin-bound protein was purified by gravity column, first by washing with lysis
buffer containing 20 mM imidazole and then eluted with lysis buffer containing 250 mM
imidazole. The eluted fractions were visualized using a 12% SDS-PAGE (Bio-rad Mini-
PROTEAN Tetra electrophoresis system) stained with Coomassie brilliant blue dye (Figure
6-5). The eluted fractions containing the purified eGFP-FLAG were pooled, and the buffer

exchanged for 3 column volumes (20 mL) with lysis buffer without imidazole using a 10 kDa
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cutoff microconcentrator (Vivaspin, Fisher Scientific). The protein concentration was

determined by Bradford assay using the estimated MW.
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Figure 6-5. SDS-PAGE analysis of eGFP-FLAG expression and purification. The fusion protein had an
expected molecular weight of ~32 kDa, as indicated with a red box. From left to right, the lanes are the
following: 1) PageRuler Plus Prestained Protein Ladder, 2) Flowthrough, 3) Wash, 4) Elution 1, 5) Elution 2,
6) Elution 3, 7) Elution 4.

Optimization of VAIA Rotational Speed and Assay Time:
The general process of arraying samples for testing is as follows. The nitrocellulose
membrane was trimmed to fit the inner circumference of the VFD reactor (5 cm) and marked
with a pencil to create a 1 x 1 cm square for each sample. The negative control (1 pL of PBS)
or experimental antigen (1 pL of 50 mg/mL HSA in PBS) was applied as a dot directly to the
membrane, which was allowed to dry as usual. Next, the membrane was sandwiched
between two pieces of filter paper cut to the size of the membrane; this assembly prevents
damage to the membrane during processing. The filter paper membrane sandwich was
shaped into a cylinder and placed concentrically within the glass VFD reactor for assay.
VAIA speed and assay time were optimized through an indirect phage assay. These

assays consisted of three distinct steps performed with different times in 1:2:1 ratios
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(blocking : phage binding : antibody binding) (Figure 6-6). Different rotational speeds were
also explored for each ratio. First, each membrane was blocked with 3 mL 5X Chonblock
(Chondrex Inc.) in PBS (blocking buffer) at the indicated speeds and times, and the solution
was discarded. Next, 3 mL of HSA-binding phage (HSA-L3) diluted in blocking buffer was
added to the VFD reactor for processing at the indicated speeds and times. The solution was
discarded, and 3 mL of 1X PBS with 0.05% (v/v) Tween-20 (PBS-T) was added to the reactor
to wash the membrane for 15 s before discarding the solution. Next, the HSA/HSA-L3 binding
interaction was detected through addition of 3 mL anti-M13-HRP (Creative Diagnostics)
diluted in blocking buffer (1:10,000) before VFD processing at the indicated speeds and

times. Finally, this solution was discarded, and the membrane sandwich was washed once

more as previously described.

1:2:1 MIN 2.5:5:2.5MIN 5:10:5 MIN

500 RPM

1500 RPM

3000 RPM

Figure 6-6.Images of HSA-phage VAIAs with varying speeds and assay times. For each blot, the top row
is dotted with HSA, the bottom row is dotted with PBS. Images were taken under a light table with an iPhone
12 mini camera and imported into Image] for further analysis. For images shown in this manuscript, an
additional adjustment of contrast was performed.
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After each assay was complete, the membrane was removed from the VFD reactor
through gentle tapping and placed on a clean paper towel. Sufficient TMB solution was added
to cover the membrane surface. After sufficient time passed for color to develop (1 to 5 min),
each membrane was rinsed with water and imaged after drying. All membranes were imaged
using top-down lighting by a light table with an iPhone 12 Mini camera (Figure 6-7). The
images were transferred into Image-J and converted to 8-bit grayscale format, as directed by
the software. Next, the background was subtracted with a 50.0 rolling ball radius and light-
dark inverted. The mean density of each assay dot was measured and imported into Prism

9.0 for further analysis.

BLOT 1 BLOT 2 BLOT 3

VAIA-HEMI

VAIA-FLAT

Figure 6-7. Images of eGFP-FLAG VAIAs. From left to right on each blot, the eGFP-FLAG concentrations
are: 3.00 uM, 1.00 uM, 0.33 uM, 0.11 puM, 0.04 uM. Images were acquired under a light table with an iPhone
12 mini camera and imported into Image] for further analysis. For images shown in this manuscript, an
additional adjustment of contrast was performed.
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BLOT 1 BLOT 2 BLOT 3

Figure 6-8. Images of conventional eGFP-FLAG IAs. From left to right for each blot, the eGFP-FLAG
concentrations are: 3.00 uM, 1.00 uM, 0.33 uM, 0.11 pM, 0.04 puM. Images were acquired under a light table
with an iPhone 12 mini camera and imported into Image]J for further analysis. For images shown in this
manuscript, an additional adjustment of contrast was performed after data analysis.

Direct Detection of eGFP-FLAG with Conventional Dot Blot. The membranes were
prepared as described above. These assays were performed in separate plastic containers.
To prevent non-specific binding, 10 mL of blocking buffer were added to each container,
shaken at 150 rpm for 30 min, then discarded. Next, 10 mL of 1:1,000 anti-eGFP-HRP in
blocking buffer were added to each container, shaken at 150 rpm for 60 min, then discarded.
Each membrane was washed with 10 mL PBS-T with shaking at 150 rpm for 10 min three
times. The membranes were developed, and the data were processed as described above
(Figure 6-8).

Direct VAIA Detection of eGFP-FLAG with anti-FLAG-HRP. The membranes were
prepared and blocked as previously described. Next, 2 mL of 1:1,000 anti-FLAG-HRP (Sigma-
Aldrich) in blocking buffer were added to the tube and spun at 1500 rpm for 2 min. The
solution was then discarded, and the membranes were washed and processed as described
above.

Indirect VAIA Detection of eGFP-HRP with anti-FLAG and anti-mouse-HRP. The

membranes were prepared and blocked as previously described. The solution was then
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discarded. Next, 2 mL of 1:1,000 anti-FLAG (Sigma-Aldrich) in blocking buffer were added to
the tube and spun at 1500 rpm for 2 min. The solution was discarded, and the membrane
was washed by adding 2 mL of PBS-T and spinning at 1500 rpm for 15 s. After discarding the
wash solution, 2 mL of 1:10,000 anti-mouse-HRP in blocking buffer were added to the tube,
spun at 1500 rpm for 2 min, then discarded. The solution was discarded, and the membranes
were washed and processed as previously described.

Sandwich VAIA Detection of eGFP-FLAG with anti-FLAG and anti-eGFP-HRP.
Membranes were prepared as previously described. Five serial dilutions of anti-FLAG
(1:100,1:1000,1:10,000,1:100,000, 1:1,000,000) were prepared and 1 pL of each was added
in triplicate on each of the five columns within the grid. The membrane was sandwiched in
filter paper and blocked as previously described. Next, 2 mL of 3 uM eGFP-FLAG in blocking
buffer were added, and the tube was spun at 1500 rpm for 2 min. The solution was then
discarded, and the membrane was washed as previously described. Next, 2 mL of 1:1000
anti-eGFP-HRP in blocking buffer were added to the tube and spun at 1500 rpm for 2 min,
then discarded. The solution was discarded, and the membrane was washed, and the data
were processed as previously described.

Sandwich VAIA Detection of eGFP-FLAG with anti-FLAG and FLAG-Binding Phage.
The membrane was prepared and blocked as previously described. Next, 2 mL of 1 nM FLAG-
binding phage in blocking buffer were added to the tube and spun at 1500 rpm for 2 min.
The solution was then discarded, and the membrane washed as described above. Next, 2 mL
0f 1:1000 anti-M13-HRP in blocking buffer were added to the tube and spun at 1500 rpm for
2 min, then discarded. The solution was discarded, and the membrane was washed, and data

processed as previously described.
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Direct VAIA Detection of HSA in Biofluids. The membrane was prepared as
previously described. Plasma, sera, urine, blood were diluted (1:100) in PBS and dotted on
the membrane in triplicate. Additionally, PBS was dotted on the membrane as a negative
control. An image of the membrane was acquired as before. The membrane was sandwiched
in filter paper and blocked as previously described. Next, 2 mL of anti-HSA-HRP (Bethyl
Laboratories, 1:1000) in blocking buffer were added to the tube and spun at 1500 rpm for 2

min. The solution was discarded, and the membrane was washed and imaged as described.
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Figure 6-9. Image of VAIA assay completed in a variety of biofluids. Images were acquired under a light
table with an iPhone 12 mini camera and imported into Image] for further analysis. For images shown in this
manuscript, an additional adjustment of contrast was performed after data analysis.
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Figure 6-10. Images of patient plasma VAIAs. IgMs and IgGs were detected with anti-IgM-HRP or anti-
IgG-HRP, respectively. Images were acquired under a light table with an iPhone 12 mini camera and
imported into Image] for further analysis. For images shown in this manuscript, an additional adjustment
of contrast was performed after data analysis.
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To account for the initial dark color of the diluted blood, the mean density values were
calculated by subtracting the values before and after the assay (Figure 6-9).

Antibody Detection in COVID-19 Patient Plasma. The membrane was prepared as
previously described. Plasma from healthy patients and COVID-19 patients were diluted
(1:100) in PBS and dotted on the membrane in triplicate. The membrane was sandwiched in
filter paper and blocked as previously described. Next, 2 mL of anti-IgG-HRP (Sigma-Aldrich,
1:1000) or anti-IgM-HRP (Invitrogen, 1:1000) in blocking buffer were added to the tube and
spun at 1500 rpm for 2 min. The solution was discarded, and the membrane was washed and

imaged as described above (Figure 6-10).
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CHAPTER 7

Summary and Conclusions

The past few decades have seen a remarkable shift in the medical field towards
precision medicine. Large-scale data collection through omics platforms and the availability
of global health databases have provided a broad understanding of the factors that
contribute to disease and the highly variable disease outcomes that can resultl2. Factors
such as genetics, medical history, environment, and lifestyle all play important roles in an
individual’s disease responsel. Precision medicine approaches help categorize patients
based on their responses to allow early, preventative treatment, or tailor clinical
interventions to accurately manage disease with minimal side effects. Here, we develop
multiple tools towards furthering the goals of precision medicine in both preventing and

managing diseases.

Precision medicine is particularly important for diseases that result in highly variable
outcomes. The pandemic has seen patient outcomes running the gamut from asymptomatic
to fatal. Chapter 1 describes instances of similarly severe symptoms being driven by different
immunological pathways, making treatment even more complicated3. Therefore, identifying
and characterizing a patient’s predisposition for specific disease trajectories can be vitally
important to effectively determine pre-emptive routes of treatment. With the advent of
quick Ab testing for COVID-19 exposure %° and growing evidence of the role of the humoral
immune response3®’ in driving disease outcomes, antibodies (Ab) are promising as

biomarkers for rapid, accessible prognostic testing for COVID-19 disease severity.
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Towards this goal, we identified an Ab biomarker that is associated with increased
disease severity (Chapter 2). This Ab can be used as an early predictor for severe COVID-19,
being detectable as early as one day after symptom onset. Since the presence of this Ab only
identifies patients that are especially prone to severity caused by the pro-inflammatory
cytokines, IL-6, early interventions with IL-6-targeting treatments® may be particularly
beneficial to this patient subset. Our study thus identifies a biomarker for early triaging and

possible pre-emptive treatment against severe COVID-19 for a specific subset of patients.

The association between COVID-19 disease severity and metabolic disease further
shows that disease outcomes can be highly dependent on an individual’s overall health. In
Chapter 2, we establish that certain comorbidities, such as diabetes, hypertension, and age
>50, exacerbate disease specifically in patients positive for the above-mentioned severity-
associated Ab. A set of co-morbidities were thus incorporated into our Ab disease prediction
test to increase the specificity of predicting disease to 97%?°. In addition to comorbidities, we
determined that a history of viral infections may also influence disease (Chapter 3). Cross-
reactivity of the severity-associated SARS-CoV-2 Ab with a neuraminidase epitope from an
influenza A viral strain suggested that boosting of Abs from a previous influenza A strain
infection may influence COVID-19 disease severity. The role of immunological memory in
driving disease outcomes has been previously reported in COVID-19 patients a-spike
Abs7.1011 Together these studies show that immunological context greatly impacts disease
outcomes of SARS-CoV-2 infection, and further highlights the crucial need for personalized

medical approaches to treat and manage the disease.
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Rapid, high-throughput, multi-analyte testing can improve patient categorization and
triage. While traditional ELISA-based assays require 3-5 h!2 and rapid high-throughput
multi-antigen microarray testing systems can take between 2-4 h13, new advancements in
testing platforms have recently led to the development of rapid COVID-19 Ab and antigen
testing platforms by Abbott that take approximately 15 mins#>14, In Chapter 6, we describe
an efficient and low-cost immunoblot-based testing method using the Vortex Fluidic Device
(VFD) that can take under 5 mins from blocking to detection. The method can be used as a
qualitative diagnostic platform for indirect and direct immunoblotting strategies. This
platform can be used for serological testing directly from patient serum and blood and can
be used for assaying multiple patient samples at a time. Such rapid, high-throughput testing

methods are crucial to urgent triaging and treatment.

Maintaining a precise molecular balance with medical interventions under disease
conditions can be challenging, as an individual’s response to treatment and disease states
themselves can be dynamic. Frequent monitoring of biomarkers can help increase dosing
accuracy. However, this can be cumbersome, and further non-compliance can result in
misdosing and serious side effects. Solutions to these problems in precision medicine have
focused on automated, real-time monitoring and dosage adjusting. Automated disease
management for type-1-diabetes (T1D) has been at the forefront of such innovations with
the advent of the artificial pancreas'>. Despite advances, current technologies lack complete
precision and can result in suboptimal glucose levels in patients, which can lead to serious
conditions!®. Monitoring the presence of multiple analytes involved in balancing glucose
regulation can allow for more accurate dosing calculations. In Chapter 4, we describe the

utility of a real-time insulin sensor, to supplement the continuous glucose monitor in the
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artificial pancreas. We engineer the native human insulin-binding insulin receptor (InR)
towards developing an optical biosensor. Using modular rearrangement of the InR binding
sites, we develop multiple soluble, insulin-binding variants on three different protein
expression platforms. We further characterize which domains are conducive to soluble,
functional expression in robust, high-throughput expression platforms in the absence of its
post-translational modifications. Finally, we design optical-assaying systems involving
conformational changes of a single compact variant in mammalian cells and a two-protein
assay using a chimeric InR variant and an insulin variant. These platforms lay the
foundations for further development of a biosensor for insulin, or other analytes, that can

enhance dosing accuracy for automated disease-management systems.

Bioconjugation tools used in developing insulin sensor variants were also used to
modify existing calcium sensors for improved use in implantable devices. Chapter 5,
describes the development of a photostable version of the Twitch 2B calcium sensorl’. By
replacing the N- and C-terminal photobleaching-prone, genetically-encoded FRET-pair
fluorophores with SNAP- and CLIP-tags, photostable fluorophores were site-specifically and
orthogonally conjugated to each tag (Chapter 5 and Appendix 3). Our biomedical engineering
collaborators from Elliot Botvinick’s laboratory further demonstrated the stable and real-
time sensing capacity of this new calcium sensor within a device platform. Ca2* is responsible
for various physiological processes, and dramatic fluctuations can occur during medical
procedures such as blood transfusions. Thus, real-time monitoring can allow for quick

detection and intervention to prevent serious muscular, nervous, or cardiac outcomes!8-29,
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By the next decade, systemic integration of health information and technologies is
expected to vastly improve the adoption and expanse of precision medicine practices in
health care. The chapters in this thesis discuss using protein engineering techniques to
develop assays and tools towards the improvement of precision medicine. These tools
promote rapid testing, early triaging, and pre-emptive treatment for severe diseases.
Furthermore, assaying platforms and biosensors developed here can inform the design of
multi-analyte sensors that allow precise dosage-adjusted delivery of treatments based on

the unique and dynamic needs of individual patients.
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