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Serological fingerprints link
antiviral activity of therapeutic
antibodies to affinity

and concentration
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The effectiveness of therapeutic monoclonal antibodies (mAbs) against variants of the SARS-CoV-2
virus is highly variable. As target recognition of mAbs relies on tight binding affinity, we assessed
the affinities of five therapeutic mAbs to the receptor binding domain (RBD) of wild type (A), Delta
(B.1.617.2), and Omicron BA.1 SARS-CoV-2 (B.1.1.529.1) spike using microfluidic diffusional sizing
(MDS). Four therapeutic mAbs showed strongly reduced affinity to Omicron BA.1 RBD, whereas one
(sotrovimab) was less impacted. These affinity reductions correlate with reduced antiviral activities
suggesting that affinity could serve as a rapid indicator for activity before time-consuming virus
neutralization assays are performed. We also compared the same mAbs to serological fingerprints
(affinity and concentration) obtained by MDS of antibodies in sera of 65 convalescent individuals.
The affinities of the therapeutic mAbs to wild type and Delta RBD were similar to the serum antibody
response, indicating high antiviral activities. For Omicron BA.1 RBD, only sotrovimab retained
affinities within the range of the serum antibody response, in agreement with high antiviral activity.
These results suggest that serological fingerprints provide a route to evaluating affinity and antiviral
activity of mAb drugs and could guide the development of new therapeutics.

The SARS-CoV-2 B.1.1.529.1 variant (Omicron BA.1) was first reported in Botswana and in South Africa in
November 2021 and was classified as a variant of concern by the world health organization (WHO) on 26th
November 20212 By mid-December 2021, the Omicron BA.1 variant was detected in more than 30 countries
and by late January 2022 was the dominant lineage worldwide.

The Omicron BA.1 variant is characterized by a large number of mutations present in the spike and nucle-
ocapsid proteins. Most critical for viral fitness and immune evasion are likely 34 mutations within the Omicron
BA.1 spike protein with 10 mutations within the N-terminal domain, 15 in the receptor binding domain (RBD),
3 related to the furin cleavage site and 6 in the S2 region (Tables S1 and S2). Of these mutations, 13 had been
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observed in previous variants of SARS-CoV-2 but never in a single lineage, as summarized in Tables S1 and S2.
Despite this large number of mutations, Omicron BA.1 still utilizes angiotensin converting enzyme (ACE2) as
host receptor and binds with similar affinity as the original Wuhan strain (referred to as wild type throughout
the paper)>*.

Omicron BA.1 mutations reduce the virus neutralization efficacy of some approved or clinical-stage antibody
drugs. Casirivimab/imdevimab (Regeneron) and bamlanivimab/etesevimab (Lilly) lose their ability to neutralize,
while cilgavimab/tixagevimab (AstraZeneca) and sotrovimab (GSK) retain some degree of efficacy®.

Virus neutralization of Omicron BA.1 is also strongly reduced in sera from convalescent individuals infected
with prior lineages and in the sera of double-vaccinated individuals who had been vaccinated with BNT162b2,
mRNA-1273, Ad26.COV2.S, ADZ1222, Sputnik V, or BBIBP-CorV*%°-!1. Triple vaccinated individuals who have
received BNT162b2 or mRNA-1273 also show reduced neutralization efficacy against Omicron BA.1 relative to
wild type and Delta, although the retained efficacies are considerably higher than for convalescent or double-
vaccinated individuals>®®°. Also, individuals who had been infected with either Delta or an earlier variant of
SARS-CoV-2 and subsequently been vaccinated retained considerable titers of neutralizing antibodies (NAbs)*%°.

The ability of the Omicron BA.1 variant to evade humoral immune responses, whether induced by infection
or vaccination, is expected to cause more reinfections and breakthrough infections. Despite reports of a higher
proportion of Omicron BA.1 infections leading to milder disease outcomes'?™"7, very high case numbers resulting
from a more transmissible Omicron BA.1 variant would still pose a significant public health risk.

Here, we used microfluidic diffusional sizing (MDS)*®-?? to measure the in-solution binding affinities to
the spike RBD of the wild type, Delta and Omicron BA.1 variants of five therapeutic monoclonal antibodies
(casirivimab, imdevimab, sotrovimab, tixagevimab, and cilgavimab) administered to reduce SARS-CoV-2 viral
load and alleviate COVID-19 symptoms. All five antibodies bind wild type and Delta SARS-CoV-2 spike with
high affinities and are potent virus neutralizing agents*. For four of these five drugs, the affinity for the Omicron
BA.1 spike RBD was more than two orders of magnitude lower than the affinity for the wild type spike RBD;
by contrast, sotrovimab retained significantly higher affinity for the Omicron BA.1 spike RBD. The MDS-based
antibody affinities determined were consistent with published virus-neutralization ICs, values (Pearson correla-
tion coefficient R=0.8, p-value=1.4x 1077) and provide a quantitative explanation for the relative efficacies of
all five antibodies against Omicron BA.1. We also considered the affinities of these five mAbs to spike RBDs of
the wild type, Delta, and Omicron BA.1 variants in the context of antibody fingerprints, consisting of affinity
and concentration data, obtained from the sera of COVID-19 convalescents by microfluidic antibody affinity
profiling (MAAP)"®-21. MAAP showed that wild type and Delta spike RBD affinities of all five therapeutic anti-
bodies were within the affinity range typical of polyclonal anti-wild type spike RBD antibodies generated by the
humoral immune response. Against Omicron BA.1 spike RBD, only sotrovimab stayed within this affinity range,
while the other four mAbs had affinities several orders of magnitude lower than antibodies found in convalescent
individuals. We also utilized MAAP to fingerprint the antibody response against wild type, Delta and Omicron
BA.1 spike RBDs in the working reagent for anti-SARS-CoV-2 immunoglobulin?, a pooled plasma standard
from individuals who recovered from COVID-19 in 2020. We observed considerable cross-reactivity to Omicron
BA.1 spike RBD and roughly half the concentration of binding antibodies as compared with wild type and Delta.

Results and discussion

The binding affinities of cilgavimab, tixagevimab, sotrovimab, casirivimab, and imdevimab to Omicron BA.1
spike RBD, Delta spike RBD, and wild type spike RBD were determined by MDS (Fig. 1). To do so, equilibrium
binding curves were acquired by titrating each antibody against constant concentrations of each spike RBD. The
formation of RBD-antibody complexes was monitored based on an increase of the hydrodynamic radius (Ry)
of the RBD species in solution.

At the lowest antibody concentrations, in the absence of binding, wild type, Delta, and Omicron BA.1 spike
RBDs displayed Ry, values of 3.40 nm (SD=0.27 nm), as observed previously'$2%2!,

Notably, the K, values measured here using microfluidic diffusional sizing are in agreement with published
values obtained by surface plasmon resonance (SPR)**?3.

Therapeutic antibody binding to Omicron BA.1 RBD was previously reported in a study using bio-layer
interferometry (BLI)®, which detected no binding for imdevimab, consistent with the MDS results found here.
By contrast, the BLI results in the same study reported a low nanomolar affinity to Omicron BA.1 for cilgavimab
and sub-nanomolar affinities for tixagevimab, sotrovimab, and casirivimab®—results that differ strongly from
the affinity values determined by MDS in our present study that show reduced affinity of all four of these mAbs
for Omicron BA.1. Given the density of mutations in Omicron BA.1 it seems likely that the affinity determined
by BLI is artefactual, a possibility supported by the observation of lost neutralization efficacy for most of these
antibodies when challenged with the Omicron BA.1 variant®>~.

As shown in Fig. 2, the five antibodies tested have different epitopes on the RBD depending on their modes
of action. Cilgavimab and tixagevimab are used as a combination drug, bind to non-overlapping epitopes, and
inhibit ACE2 binding**~°. Cilgavimab binds both the up and down conformation of RBD while tixagevimab
exclusively binds to the up confirmation. For cilgavimab, the substitutions N440K and G446S are likely to affect
binding and neutralization. Tixagevimab binds to the left shoulder of RBD with Omicron BA.1 RBD mutations
$477N, T478K, and E484A likely to interfere with binding and neutralization. Sotrovimab binds outside the
receptor binding motif to a site that involves the N343-linked glycan®**'. This epitope might be sensitive to
G339D and N440K substitutions in the Omicron BA.1 spike. Casirivimab and imdevimab prevent viral spike
proteins from binding to ACE2%. The epitope of casirivimab overlaps with the ACE2 binding site, whereas
imdevimab binds on the side of the RBD and sterically blocks ACE2 from accessing the spike protein. The
binding epitopes of both antibodies contain Omicron BA.1 mutations: for casirivimab the mutations K417N,
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Figure 1. Equilibrium binding curves of cilgavimab, tixagevimab, sotrovimab, casirivimab, imdevimab, and
ACE2 binding to spike RBD proteins from SARS-CoV-2 wild type (blue) as well as variants Delta (green) and
Omicron BA.1 (red) as determined by microfluidic diffusional sizing (MDS). Error bars are standard deviations
from triplicate measurements. Ky, values are best fits with standard errors from non-linear least squares fits in
terms of a 2:1 binding model (antibodies) or a 1:1 binding model (ACE2).

E484A, Q493R are all within 5 A of the antibody, while imdevimab is within 5 A of the mutations N440K and
Q498R (Fig. 2).

Relative to wild type RBD, only cilgavimab and tixagevimab showed a reduced binding affinity to Delta RBD
(Fig. 3A). For Omicron BA.1 RBD, cilgavimab, tixagevimab, casirivimab, and imdevimab displayed binding affini-
ties reduced by at least two orders of magnitude. Due to its highly conserved epitope®, the affinity of sotrovimab
to Omicron BA.1 RBD was reduced by only a factor of 10.

The affinities of both Delta and Omicron BA.1 RBD for ACE2 are very similar to that of wild type RBD
(Fig. 3A). In the case of Delta RBD, this would be expected as this variant does not carry any changes in the ACE2
binding interface®. Omicron BA.1 RBD, on the other hand, has eight substitutions in the ACE2 binding interface®,
so it is surprising that the binding affinity is not impacted. These data highlight the critical role this interaction
plays in viral replication and hence the selective pressure on RBD mutants to maintain efficient ACE2 binding.
Given the retained ACE2 affinity of the Omicron BA.1 variant, cilgavimab, tixagevimab, and casirivimab, which
inhibit viral ACE2 binding, would require extremely high concentrations to achieve relevant levels of inhibition
due to their strongly reduced affinity.

The changes in affinities, relative to the wild type RBD, of these five antibodies that result from the Delta and
Omicron BA.1 mutations suggest close correlations between in-solution binding affinity measurements and
changes in antiviral activity. As shown in Fig. 3B, our in-solution affinity measurements are excellent surrogates
(Pearson correlation coefficient R=0.8, p-value=1.4x 107) for EC,; and ICs, values obtained by focus reduction
neutralization tests and pseudovirus neutralization assays®>*~®. For example, each of casirivimab, imdevimab, and
sotrovimab have similar changes in affinities and in EC5y/ICy, values when challenged with wild type or Delta
RBDs. When challenged with the Omicron BA.1 variant, all tested antibodies except sotrovimab experience
strong reduction in affinity in line with strong decrease in IC;, values. Sotrovimab retains both considerable
binding affinity and neutralization efficacy. The strong correlation of in-solution Ky and ECs,/ICs, values raises
the prospect of a straight-forward method informing on antiviral activity. MDS provides universally comparable
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Figure 2. Omicron BA.1 spike mutations compared to antibody epitopes and the ACE2 binding motif. RBD
is shown as grey surface with residues within 5 A of indicated interacting partner colored and Omicron BA.1
mutations shown as spheres. PDB codes for structures are: 7L7E* (cilgavimab and tixagevimab), 7SOC?*
(sotrovimab), 6XDG?? (casirivimab and imdevimab), and 7DQA? (ACE2).
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Figure 3. (A) Affinity (Kp) changes of therapeutic COVID-19 antibodies and ACE2 in the presence of Delta
(green) and Omicron BA.1 (red) spike RBDs as compared with wild type RBD. (B) Kp, changes of therapeutic
COVID-19 antibodies correlated with their published half-maximal effective concentrations (ECs) or
half-maximal inhibitory concentrations (ICs,) of focus reduction neutralization tests (FRNT; active virus)

or pseudovirus neutralization tests (PNT), respectively. Triangles and diamonds are FRNTs using VERO-
TMPRSS2 and VERO-hACE2-TMPRSS2 cells, respectively, taken from VanBlargan et al.”. Squares and circles
are PNTs taken from Cao et al.” and Liu et al.%, respectively. The solid line is a linear regression with the gray area
indicating the 95% confidence intervals, R the Pearson’s correlation coefficient and the p-value demonstrating
statistical significance. The dashed line indicates the ideal scenario of change in K}, being equal to change in
EC;, or ICs,.
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results in the form of absolute affinities (Kp), requires less than 1 h, uses less than 4 ug of antibody, and is simple
to perform as no cell culture or handling of active viruses is required. In addition to being much more time con-
suming and complex experiments, virus neutralization assays can yield variable results depending, for example,
on the exact type of assay that is used (Fig. 3B). Here, MDS can serve as a complementary method to support
observations made in more complex biological systems that, for example, take the effector function of antibody
isotypes? and its influence on the immune responses into account.

Next, we analyzed how the spike RBD binding affinities of cilgavimab, tixagevimab, sotrovimab, casirivimab,
and imdevimab compared to polyclonal antibody responses in unvaccinated COVID-19 convalescent individuals
(Fig. 4). Generally, affinities of serum antibodies and their specific concentrations are difficult to measure. To
address this issue, we recently introduced microfluidic antibody affinity profiling (MAAP)'8-2! as an advanced
serological assay which utilizes equilibrium, in-solution binding measurements based on size change of a fluo-
rescently labeled antigen to measure antibody affinities and concentrations directly in serum or plasma. This
quantitative view on the functional immune response of individuals is advantageous over commonly measured
antibody titers, which are a combination of both affinity and concentration. MAAP was used in several previ-
ous studies'®?*?! (see Table S3 for details) to determine the affinity and concentration of wild type RBD-specific
antibodies. For this paper, we collated these previously published results to provide the overall affinity range and
concentration range of antibodies found in convalescent, unvaccinated individuals (Fig. 4A). Both affinity and
concentration of wild type specific RBD antibodies vary over several orders of magnitude between individu-
als. However, 75% of samples contained antibodies with affinities greater than 108 nM! (K, <10 nM) and total
binding site concentrations < 150 nM (Fig. 4A).

Next, we assessed how the antibody affinity and the binding site concentration in a pooled standard plasma
from several convalescent donors responds to Omicron BA.1 spike RBD (Fig. 4A). For this experiment, we
performed MAAP on the working reagent for anti-SARS-CoV-2 immunoglobulin, which is pooled plasma
from COVID-19 convalescent individuals collected between April and May 2020**. Antibody affinities and
concentrations against wild type RBD were well within the range observed for most of the individual samples
(Fig. 4). When challenged with Delta spike RBD, the affinity of antibodies in the pooled plasma decreased slightly
by a factor of approximately 1.5 while the concentration of binding sites remained largely unchanged. Surpris-
ingly, the antibody affinity and concentration against Omicron BA.1 spike RBD were reduced by factors of just
2.5 and 2.0, respectively, compared to wild type. The binding site concentration is still fourfold higher than Ky,
(ie antibody concentration twofold higher than Ki,) suggesting that these polyclonal antibody mixtures retain
binding capability against Omicron BA.1 spike RBD. This observation is in line with reports that a considerable
population retain some degree of Omicron BA.1 neutralization after infection with wild type or Alpha strains’.
During infection, highly neutralizing antibodies with high affinity arise very quickly, such that just 2 mutations
from germline can boost affinity 100-fold. However, the vast majority of induced antibodies against SARS-CoV-2
remain near-germline and thus can be more promiscuous for epitope mutations®>=".

Next, we were interested to assess the behavior of the monoclonal therapeutic antibodies in the context of the
humoral response that results from infection. Cilgavimab, tixagevimab, casirivimab, and imdevimab are derived
from convalescent individuals that had been exposed to wild type RBD early in the pandemic?. Sotrovimab was
obtained from a patient who was exposed to the SARS virus during the early 2000s*. As might be expected, the
affinities for wild type RBD of the monoclonal antibodies that compete directly with ACE2 binding (Fig. 4C:
casirivimab; Fig. 4E,F: tixagevimab and cilgavimab) are tighter than the majority of the population’s polyclonal
antibody response to the same antigen. Sotrovimab (Fig. 4A) and imdevimab (Fig. 4D) are located in the same
region of the plots indicative of slightly lower affinities than the typical polyclonal response.

The reduction in affinity of tixagevimab and cilgavimab against Delta brings them within the range of the
polyclonal anti-wild type RBD antibody response produced by most convalescent individuals. On the other
hand, casirivimab, imdevimab and sotrovimab do not show a considerable shift when challenged with Delta
RBD, with their affinity being largely unaffected. Against Omicron BA.1, all antibodies, except sotrovimab, are
either within or close to the regime for which less than 50% of target can be bound (grey area) and so would be
expected to provide minimal therapeutic benefit.

Polyclonal anti-wild type RBD antibodies constitute a mixture of non-NAbs and NAbs, with NAbs varying
in their neutralization mechanisms®**-¥. Regardless of their mechanisms, loss of NAb binding affinity correlates
with viral immune escape®*~*” (Fig. 3B), as RBD binding is a pre-requisite for neutralization. In addition to the
NAD affinity, the degree to which NAbs bind is determined by the viral load (i.e., the antigen concentration) and
the NAb concentration. With reduced affinity, higher NAb concentrations are required to achieve the same levels
of binding for a given viral load. If the affinity is too low, even very high NAb concentrations are not sufficient to
achieve considerable binding. Since 60% of anti-RBD antibodies isolated from convalescent individuals showed
neutralization®’, a reduction in the average affinity of a polyclonal NAb mixture is likely linked to reduced virus
neutralization.

Figure 4 shows that compared with the therapeutic monoclonal antibodies, most individual sera and plasmas
have rather low affinity and only very few demonstrate picomolar affinities. For such moderate affinity antibodies,
a drop in affinity due to epitope changes is likely to be less profound than for antibodies with high affinity. For
the latter, epitope mutation can be detrimental as evidenced by the profoundly reduced affinities of casirivimab,
tixagevimab, and cilgavimab, for example.

Another aspect of study is that the samples from unvaccinated, convalescent individuals were taken in 2020,
so while exact virus variants have not been confirmed for these cohorts it is highly likely these individuals will
have developed an immune response against an early version of SARS-CoV-2 (for example Wuhan-Hu-1). Since
most vaccines are based on early variants of SARS-CoV-2, it is of great interest to compare serological fingerprints
to RBD of wild type, delta, and omicron BA.1 variants of the here analyzed convalescent cohorts exposed to
an early SARS-CoV-2 variant to those of vaccinated individuals. In a study run in parallel to the one presented
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Figure 4. Affinities and average maximum post-dosage concentrations of therapeutic antibodies in comparison
with affinities and concentrations of serum or plasma of COVID-19 convalescent individuals. (A) serological
fingerprints of COVID-19 unvaccinated, convalescent individuals (see Table S3 for details) using wild type
RBD as an antigen in context with fingerprints of the working reagent for anti-SARS-CoV-2 immunoglobulin®
(pooled plasma of COVID-19 convalescents) using wild type spike RBD (blue), Delta spike RBD (green), or
Omicron BA.1 spike RBD (red) as antigens. The shaded gray region of the plot indicates the area where antibody
concentration is less than Kp/2 such that binding site concentration is less than Kp, and so binding is not able
to exceed 50%. (B-F) Affinities of (B) sotrovimab, (C) casirivimab, (D) imdevimab, (E) tixagevimab, and (F)
cilgavimab in comparison with the serological fingerprints of convalescent donors shown in (A). The width
and height of the monoclonal antibody ovals are the standard error affinities (K, determined by MDS) against
wild type spike RBD (blue), Delta spike RBD (green), or Omicron BA.1 spike RBD (red) and maximum serum
concentrations obtained after dosage®~** (average + 1 SD), respectively.
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here?, we found that indeed vaccinated individuals showed similar serological fingerprints as compared with
convalescents or with individuals at various stages of infection. Future studies need to address how affinity and
concentration of RBD-specific antibodies change over time and how this correlates with vaccine efficacy, disease
severity, and the medical history of individuals.

Conclusions

Using microfluidic diffusional sizing, we quantified the binding affinities of five therapeutic antibodies to spike
receptor binding domains of the wild type variant, the Delta variant, and the Omicron BA.1 variant of SARS-
CoV-2. The affinities of cilgavimab, tixagevimab, casirivimab, and imdevimab to Omicron BA.1 spike RBD were
reduced by several orders of magnitude, whereas sotrovimab retained considerable binding affinity. These affinity
reductions in the presence of Omicron BA.1 RBD agree very well with the reduced antiviral activity of these
antibodies for which sotrovimab is also the least affected. These results suggest that simple in-solution affinity
measurements can serve to evaluate antiviral activity before complex and time-consuming virus neutralization
assays are performed. Serological fingerprints generated by microfluidic antibody affinity profiling of samples
from COVID-19 convalescent individuals reveal serum-antibody affinity and concentration and provide further
context to this finding. Out of the five tested antibodies, only sotrovimab retained affinities similar to those of
polyclonal antibodies specific for wild type RBD, which is again indicative of its high antiviral activity against
the Omicron BA.1 variant. Our results represent a new way of linking monoclonal antibody affinities with their
antiviral activity and serological fingerprints, which has the potential to guide the development of new thera-
peutics to fit the affinity window of antibodies generated by the humoral immune response.

Materials and methods

Sample collection, ethics, and biosafety. All plasma and serum samples were collected from unvacci-
nated convalescent individuals. Unless otherwise stated, no information regarding the application of therapeutic
antibodies, immunosuppressant drugs or other therapeutic agents was available for the purposes of this study.
All such sample collection was performed in accordance with the provisions of the Declaration of Helsinki and
the Good Clinical Practice guidelines of the International Conference on Harmonization as detailed below:

For all samples?®>3** collected by University Hospital Zurich. ~All experiments and analyses involving samples
from human donors were conducted with the approval of the local ethics committee, Kantonale Ethik-Kom-
mission des Kantons Ziirich (KEK-ZH-Nr.2015-0561, BASEC-Nr. 2018-01042, and BASEC-Nr. 2020-01731), in
accordance with the provisions of the Declaration of Helsinki and the Good Clinical Practice guidelines of the
International Conference on Harmonization.

EDTA plasma from healthy donors and from convalescent individuals was obtained from the Blutspendedi-
enst (BDS) Kanton Ziirich from donors who signed the consent that their samples can be used for conducting
research. Samples from patients with COVID-19 were collected at the University Hospital Zurich from patients
who signed an informed consent.

For all samples collected by the Fred Hutchinson Cancer Research Center and the University of Washington. ~Sam-
ple collection and following experiments and analyses were conducted in accordance with Fred Hutch and Uni-
versity of Washington Institutional Review Board (IRB) approved protocols. Informed consent was obtained
from all human subjects. Plasma samples from SARS-CoV-2 seropositive individuals were obtained from a
Fred Hutch repository and from the repository of the University of Washington. FHCRC repository was assem-
bled from a COVID-19 seroepidemiology study conducted in a single county in the western US (FHCRC IRB
#10453)*". UW repository was formed from Seattle-area participants recruited for potential donation of single-
donor plasma units (ClinicalTrials.gov: NCT04338360), and plasma for manufacture of a pooled anti-SARS-
CoV-2 product (NCT04344977)%.

For all samples collected by Mayo Clinic. Samples were residual waste specimens that were fully deidentified
and handled according to the policies (including those governing informed consent) of the Mayo Clinic Insti-
tutional Review Board (IRB). The IRB review processes are based on the Federal Policy for the Protection of
Human Subjects ("Common Rule"), the Belmont Report and provisions of 45CFR46—"Protection of Human
Subjects". These policies deem it unnecessary to secure informed consent for the use of de-identified clinical
waste specimens.

Fluorescent labeling of proteins. Recombinant proteins (please see Tables 1 and 2 for details) were
labeled with Alexa Fluor™ 647 NHS ester (Thermo Fisher) as described previously'®. In brief, solution containing
150 ug of spike RBD was mixed with dye at a three-fold molar excess in the presence of NaHCO; (Merck) buffer
at pH 8.3 and incubated at 4 °C overnight. Unbound label was removed by size-exclusion chromatography (SEC)
on an AKTA pure system (Cytiva) using a Superdex 75 Increase 10/300 column (Cytiva). Labeled and purified
proteins were stored at—80 °C in PBS pH 7.4 containing 10% (w/v) glycerol as cryoprotectant.

Equilibrium binding measurements by microfluidic diffusional sizing (MDS). Binding affinity of
antibodies and spike RBD proteins was measured on a Fluidity One-M (Fluidic Analytics). Fluorescently labeled
RBD at a concentration of 1 nM or 5 nM was mixed with unlabelled antibody at 12 different, decreasing con-
centrations of a two-fold dilution series and incubated on ice for at least 30 min. PBS-Tween 20 (0.05%) pH 7.5
was used as a dilution buffer. Before the measurement, 3.5 puL of PBS-Tween 20 (0.05%) pH 7.5 was transferred
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Mutated amino-acid
Protein name SARS-CoV-2 variant Pango lineage | Vendor Article number | Amino-acid sequence | Tags | residues
Wild type spike RBD (Uni- | Wuhan-Hu-1 sequence . L .
Prot PODTC2) (NC_045512) A Sino Biological | 40592-V08H R319-F541 C-His
I[,)ggi‘rzp;‘e RBD (UniProt | i, B.1617.2 Sino Biological | 40592-VOSH90 | R319-F541 C-His | L452R, T478K
G339D, S371L, S373P, S375F,
Omicron BA.1 spike RBD K417N, N440K, G446S,
(UniProt POf)TCZ) Omicron BA.1 B.1.1.529.1 Sino Biological | 40592-V08H121 | R319-F541 C-His | S477N, T478K, E484A,
Q493R, G496S, Q498R,
N501Y, Y505H

Table 1. Summary of SARS-CoV-2 spike RBD reagents used in this study.

Antibody name Alternative name | Drugbank code | Vendor Article number
Tixagevimab Biosimilar | AZD8895 DB16394 ProteoGenix | PX-TA1032
Cilgavimab Biosimilar AZD1061 DB16393 ProteoGenix | PX-TA1033
Sotrovimab Biosimilar VIR-7831 DB16355 ProteoGenix | PX-TA1637
Casirivimab REGN10933 DB15941 ProteoGenix | PTXCOV-A552
Imdevimab REGN10987 DB15940 ProteoGenix | PTXCOV-A553

Table 2. Summary of antibody reagents used in this study.

to each of the 24 flow buffer ports of the Fluidity-One M chip plate, and the microfluidic circuits were allowed to
prime for at least 1 min. Then, 2 times 3.5 uL of the 12 different RBD-antibody mixtures were transferred to the
24 sample ports of the Fluidity One-M chip plate to measure a binding curve of 12 antibody concentrations in
duplicate. On the Fluidity One-M, the Alexa-647 detection setting and size-range setting of 3-14 nm was used.
Kp, values were determined by non-linear least squares fitting as described previously'® using Prism (GraphPad
Software). Linear regression to analyze the correlation between antibody Ky, values and antiviral activity was
calculated in ggplot2*® and regression coefficients were computed using the stat_cor() function as part of the
ggpbubr (version 0.4.0) package. We display the Pearson correlation coefficient R.

Microfluidic antibody affinity profiling (MAAP) on the working reagent for anti-SARS-CoV-2
immunoglobulin.  The working reagent for anti-SARS-CoV-2 immunoglobulin (National Institute for
Biological Standards and Control 21/234) is a calibrated product equivalent to the high concentration sample
(NIBSC 20/150) from the WHO working standard for anti-SARS-CoV-2 immunoglobulin (NIBSC 20/268).
NIBSC 21/234 consist of pooled plasma from individuals who recovered from COVID-19 and was collected
between April and May 2020%%. MA AP was performed as described previously'®-22. In brief, fluorescently labelled
spike RBD from wild type, Delta, and Omicron BA.1 was mixed with various dilutions of plasma from conva-
lescent donors and incubated on ice for at least 30 min. A buffer containing PBS at pH 7.4, 10% glycerol, and 5%
(w/v) human serum albumin was used for plasma dilutions. Equilibrium binding of RBD to plasma antibodies
was assessed by monitoring hydrodynamic radii (Ry,) on the Fluidity One-M. The measurement protocol was the
same as for purified proteins measured in buffer, with the only difference being that 3.5 L of the plasma sample
instead of PBS-Tween (0.05%) was added to the flow buffer ports of the Fluidity One-M chip plate. Bayesian
inference was used to determine K, and binding site concentrations from the mode of the joint posterior distri-
bution, also as described previously'®2

Data availability
Sequences of proteins used in this study have been deposited in publicly available databases. Please refer to
Tables 1 and 2 for details.
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