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SUMMARY

The evolution of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to
challenge the efficacy of vaccination efforts against coronavirus disease 2019 (COVID-19). The
Omicron XBB lineage of SARS-CoV-2 has presented dramatic evasion of neutralizing antibodies
stimulated by mRNA vaccination and COVID-19 convalescence. XBB.1.16, characterized by
two mutations relative to the dominating variant XBB.1.5, i.e., E180V and K478R, has been

on the rise globally. In this study, we compare the immune escape of XBB.1.16 with XBB.1.5,
alongside ancestral variants D614G, BA.2, and BA.4/5. We demonstrate that XBB.1.16 is strongly
immune evasive, with extent comparable to XBB.1.5 in bivalent-vaccinated healthcare worker
sera, 3-dose-vaccinated healthcare worker sera, and BA.4/5-wave convalescent sera. Interestingly,
the XBB.1.16 spike is less fusogenic than that of XBB.1.5, and this phenotype requires both
E180V and K478R mutations to manifest. Overall, our findings emphasize the importance of the
continued surveillance of variants and the need for updated mMRNA vaccine formulations.
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SARS-CoV-2 continues to exhibit increasing immune escape. Here, Faraone et al. demonstrate
that XBB.1.16 escapes antibodies in bivalent-vaccinated, 3-dose-vaccinated, and BA.4/5-wave
convalescent sera to a similar extent compared with XBB.1.5. They also show that the XBB.1.16
spike is less fusogenic than XBB.1.5 but exhibits enhanced infectivity.

INTRODUCTION

The continued evolution of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the virus behind the coronavirus disease 2019 (COVID-19) pandemic, presents an ever-
present challenge to the efficacy of vaccination efforts.1® The nature of the COVID-19
pandemic changed dramatically with the emergence of the Omicron BA.1 variant due to

the marked evolutionary distance between it and previous variants of concern.” The vast
array of mutations accrued in BA.1 led to markedly decreased pathogenicity,8-12 increased
transmissibility,® and dramatic immune escape3-2:13-17 py the virus. Since then, the Omicron
lineage of SARS-CoV-2 has continued to evolve, resulting in a series of subvariants that
have generated their own smaller waves of infection. Many of these subvariants have been
characterized by increasing extents of immune escape.18-26 Up until September of 2022,
vaccines against SARS-CoV-2 were largely designed against the prototype version of the
virus that emerged early in the pandemic, but in response to the increasing extents of
immune escape exhibited by the Omicron lineage of SARS-CoV-2, new versions of vaccines
have been rolled out, of note the Pfizer and Moderna bivalent vaccines that include the
BA.4/5 spike.2’ Despite these efforts, the continued evolution of Omicron subvariants could
endanger the efficacy of this vaccine formulation.!

Early 2023 was marked by the emergence of a recombinant Omicron subvariant XBB that
resulted from the recombination of two BA.2-derived subvariants, BJ.1 and BM.1.1.17:28. 29
In February 2023, an XBB-lineage subvariant named XBB.1.5 emerged and quickly

surged across the globe to become the dominant infecting variant.3% The XBB lineage

is characterized by dramatic immune escape, demonstrating a strong selective advantage
even among vaccinated individuals.20:24:31-34 |n March of 2023, a new XBB-lineage
subvariant, XBB.1.16, rose quickly in circulation in India, causing widespread breakthrough
infection.35:36 |t has since spread to several countries and is projected to continue growing
in the proportion of infecting variants.3>-37 The spike (S) protein of XBB.1.16 has two
mutations distinct from XBB.1.5: E180V in the N-terminal region and T478R in the
receptor-binding domain (RBD) (Figure 1A). XBB.1.16 has rapidly overtaken XBB.1.5 as
the main circulating variant in India,3> making it critical that we further assess this emerging
variant. In this study, we investigate the neutralization escape of XBB.1.16 and its defining
mutations (XBB.1.5-E180V and XBB.1.5-K478R) from vaccinated sera (monovalent and
bivalent), convalescent sera (BA.4/5 wave), and a monoclonal antibody (mAb) S309 in
comparison to related and parental variants XBB.1.5, BA.4/5, BA.2, and D614G. We also
examine the ability of S to trigger membrane fusion, as well as S protein expression and
processing. Our results provide insights into the biology of XBB.1.16 and emphasize the
importance of continued surveillance of SARS-CoV-2 variants for updating COVID-19
vaccines.
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RESULTS

Omicron subvariant XBB.1.16 maintains reduced infectivity in CaLu-3 cells relative to
D614G

First, we examined the infectivity of lentiviral pseudotypes bearing each of the variant

S proteins of interest in HEK293T cells expressing human ACE2 (HEK293T-ACE?2) and
human lung epithelial cell line CaLu-3, respectively. In 293T-ACE2 cells, the infectivity of
XBB.1.16 remained comparable to XBB.1.5, with a 1.2-fold decrease relative to XBB.1.5
(p > 0.05), but was higher than D614G, with a 2.0-fold increase (p < 0.01) (Figure 1B).

The K478R single mutation exhibited a 1.7-fold increase (p < 0.01) relative to D614G,
while the E180V single mutation exhibited a 1.4-fold increase (p > 0.05) (Figure 1B), which
agreed with results from a recent study.3® In Calu-3 cells, XBB.1.16 exhibited a 2.1-fold
higher infectivity compared with XBB.1.5 (p > 0.05) (Figure 1C). The two single mutations
had similar infectivity compared with XBB.1.16, with 1.7- (p > 0.05) and 1.2-fold (p >
0.05) increases, respectively, relative to XBB.1.5 (Figure 1C). Compared with D614G, all
Omicron subvariants exhibited significantly reduced infectivity (p < 0.01), with the XBB
variants having overall higher titers than BA.2 in both HEK293T-ACE2 and Calu-3 cells (p
> 0.05) (Figures 1B and 1C).

XBB.1.16 demonstrates comparable escape of neutralizing antibodies in bivalent-
vaccinated sera compared with XBB.1.5

We next investigated the resistance of XBB.1.16 to neutralizing antibodies induced

by mRNA vaccines or SARS-CoV-2 Omicron infection using our previously described
pseudotyped lentivirus neutralization assay.3® The first cohort we studied consisted of

The Ohio State University Wexner Medical Center healthcare workers (HCWs) that had
received a bivalent mMRNA booster vaccination containing both the SARS-CoV-2 S proteins
of prototype and BA.4/5 (n = 14). XBB.1.16 exhibited a marked reduction in neutralizing
antibody titers relative to BA.5, which was the major predominant strain of summer 2022,
with a 6.3-fold decrease (p < 0.0001) (Figures 2A and 2B). This escape was similar to what
we had observed for XBB.1.5,20 which showed a 5.3-fold drop in neutralizing antibody
titer compared with BA.5 (p < 0.0001) (Figures 2A and 2B). Two single mutations, i.e.,
XBB.1.5-E180V and XBB.1.5-K478R, exhibited similar escape, with neutralizing antibody
titers 5.8- (p < 0.0001) and 5.9-fold (p < 0.0001) lower than BA.5, respectively (Figures
2A and 2B). Overall, the escape of neutralizing antibodies in bivalent-vaccinated sera by
XBB.1.16 is comparable to XBB.1.5.

XBB.1.16 maintains escape of neutralizing antibodies in 3-dose-vaccinated sera

We then investigated the sensitivity of these XBB.1.16 variants to neutralizing antibodies
in a cohort of HCWs that received 3 doses of monovalent mRNA vaccine (n = 15). Again,
XBB.1.16 exhibited marked escape, with neutralizing antibody titers 3.5-fold lower than
BA.5 (p < 0.0001) (Figures 2C and 2D). This was similar to the escape exhibited by
XBB.1.5, with neutralizing antibody titers 4.6-fold lower than BA.5 (p < 0.0001) (Figures
2C and 2D). The single mutations contributed comparably to the escape, with neutralizing
antibody titers 4.4- (p < 0.0001) and 4.2-fold (p < 0.0001) lower than BA.5 for XBB.1.5-
E180V and XBB.1.5-K478R, respectively (Figures 2C and 2D). Notably, the geometric
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mean antibody titers of 3-dose vaccinees were 3- to 5-fold lower than those in the bivalent
vaccination cohort for Omicron variants (Figures 2A-2D). However, overall XBB.1.16 had
comparable escape of neutralizing antibodies in 3-dose-vaccinated sera relative to XBB.1.5.

Marked resistance of Omicron subvariant XBB.1.16 to BA.4/5 convalescent sera

The last cohort we investigated were first responders and their household contacts that tested
positive for COVID-19 during the BA.5 wave of infection in Columbus, OH (USA; n =

19). XBB.1.16 exhibited strong resistance, with neutralizing antibody titers 11.3-fold lower
than BA.5 (p < 0.001) (Figures 2E and 2F); this escape appeared higher than XBB.1.5,
which showed neutralizing antibody titers 7.4-fold lower than BA.5 (p < 0.01) (Figures 2E
and 2F). Two single mutations, XBB.1.5-E180V and XBB.1.5-K478R, contributed similarly
to this escape, with neutralizing antibody titers 7.1- (p < 0.001) and 7.6-fold lower (p <
0.001), respectively, than BA.5. Overall, the neutralizing antibody titers for the XBB-derived
variants largely fell below the limit of detection (NT5q = 40) for the BA.5-wave cohort, in
part because of their generally low titers compared with that of 3-dose and bivalent booster
vaccinees.

Maintained efficacy of mAb S309 against Omicron subvariant XBB.1.16

Omicron subvariants are known to exhibit marked escape of mAbs.> We chose to focus

on mAb S309, which we have previously shown to still be effective against most of the
Omicron variants, including XBB.1.5, except for CH.1.1, CA.3.1, and BA.2.75.2.20 We
found that S309 effectively neutralized XBB.1.16, with an inhibitory concentration at 50%
(ICsp) of 3.84 + 1.04 pg/mL, which was comparable to the IC5q of XBB.1.5, i.e.,2.91 £
0.82 pg/mL (Figures 3A and 3B). The single mutations did not exhibit distinct phenotypes,
with ICsq values of 3.06 + 0.72 and 4.49 + 1.38 pg/mL for XBB.1.5-E180V and XBB.1.5-
K478R, respectively (Figures 3A and 3B).

XBB.1.16 S demonstrates dramatically reduced fusogenicity with no change in processing

In addition to neutralization, we also assessed the S protein biology of XBB.1.16. Our
experiments included investigation of the S fusogenicity, expression, and processing into
S1 and S2. As demonstrated previously,313:18-20 a]| Omicron subvariants exhibited reduced
fusion relative to D614G in HEK293T-ACE?2 cells (Figures 4A and 4B). Interestingly,
fusogenicity of XBB.1.16Swas lower than XBB.1.5 (p < 0.01), but more comparable to
BA.4/5, with a 3.0-fold (p < 0.0001) decrease relative to D614G (Figures 4A and 4B). The
cell surface expression of XBB.1.16 was comparable to other Omicron subvariants (Figures
4C and 4D), as we have demonstrated previously for XBB.1.5.20 Lastly, we examined the
expression and processing of S protein in virus producer cells through immunablotting.
The total level of XBB.1.16 S expression in the transfected cells was comparable to that

of XBB.1.5 and other S proteins examined (Figure 4E, top). While the overall processing
of XBB.1.16 S was comparable to that of XBB.1.5 (S2/S ratio of 1.3 versus 1.2), XBB.1.5-
K478R exhibited a slight increase (ratio of 1.5), and XBB.1.5-E180V had a slight decrease
(ratio of 1.1) (Figure 4E, top).
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DISCUSSION

Our study highlights the continued need for monitoring and characterizing new variants

of SARS-CoV-2. We demonstrated that, similar to XBB.1.5, XBB.1.16 is immune evasive,
especially against sera from those who received 3 doses of monovalent mMRNA vaccine and
in BA.4/5 convalescent individuals (Figure 2). These results are in agreement with another
study demonstrating that sera from BA.2 convalescent individuals was unable to effectively
neutralize XBB.1.16, though sera from hamsters infected with XBB.1 and XBB.1.5 could
do s0,38 emphasizing the need for a better understanding of immune imprinting upon
mRNA vaccination. Of note, another recent study demonstrated that vaccinating mice with
a second Omicron-based booster (BA.5, BQ.1, or XBB) greatly enhanced protection against
Omicron variants, while receiving only one Omicron booster after a course of prototype S
vaccinations was not as effective.40 In addition, sera from individuals who had repeated
breakthrough Omicron infections also more effectively neutralized Omicron variants.40
These studies together suggested that repeated exposure to Omicron variants, either through
vaccination or natural infection, may be required to grant improved protection.40:41

While vaccination is a critical aspect of protection against COVID-19, mAb treatments have
been shown to be important in treatment of infected individuals, especially in the period

of pre-Omicron waves. Omicron subvariants have presented mounting resistance toward the
majority of mAb treatments, with most mAbs being rendered completely ineffective over
the course of the pandemic.12:24.38:42-44 5309 s an antibody characterized by retaining
activity against early Omicron subvariants, though we have demonstrated previously that
subvariants CH.1.1, CA.3.1, and BA.2.75.2 can escape neutralization.29 Fortunately, we
found in this work that XBB.1.16 remained sensitive to S309 neutralization (Figure 3). This
was not unexpected, based on the location of the two unique mutations: neither E180V

nor K478R was expected to impact interactions with S309’s target region of the RBD.2045
Continued monitoring and investigation will be required to determine mutations that drive
the neutralizing Ab (nAb) escape of Omicron subvariants.

Another important aspect of our study was the investigation of S protein biology, which
could provide indicators of changes in viral entry, tropism, and/or viral spread.8-12 We found
that the decrease in fusogenicity exhibited by XBB.1.16 S did not appear to be driven

by E180V or K478R alone, suggesting a combinatorial effect imparted by the coexistence
of these two mutations (Figures 4A and 4B). This change in fusion could be attributed

to a possible decrease in affinity of XBB.1.16 S for human ACE2 relative to XBB.1.5.38
However, the modest change in fusogenicity among these XBB subvariants did not appear
to correlate with the efficiency of S processing, a situation that is distinguishable from
that was shown between Omicron BA.1 and D614G13 (Figure 4). These results suggested
that XBB variants, including XBB. 1.5 and XBB.1.16, are still in the lineage of Omicron
that likely favors the upper tract for infection.10:12 Further investigations of new Omicron
XBB subvariants, including XBB.1.16 studied here, for cellular and tissue tropism will be
informative, including in patients infected with SARS-CoV-2.

Overall, our study highlights the importance of the continued surveillance of new SARS-
CoV-2 variants and emphasizes the benefits of booster COVID-19 vaccination. While our
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findings support the use of bivalent booster mMRNA vaccine formulation, consideration
must be given to include XBB variant S proteins in future vaccine designs, as recently
recommended by the US Food and Drug Administration.*6 Given the timeline of the
pandemic, repeated exposures to the virus have become more likely, which underscores
the development of new and more effective COVID-19 vaccines and therapeutics.

Limitations of the study

While authentic SARS-CoV-2 is the ideal model to test new variant biology, we used
pseudotyped virus for all experiments because some of the new live viruses are not available.
Furthermore, we have previously validated our pseudotyping system in comparison to live
SARS-CoV-2 and found that it recapitulated the results accurately.3® Pseudotyped virus is
also a very common way to analyze vaccine response and S protein biology in the field.
Another limitation is the relatively small size of our cohorts used for the neutralization
assays. However, similar studies with comparable sizes of cohorts have proven to be
important to characterizing these new variants in a timely manner and informing public
health decisions.%6 The small size of the cohorts does prevent us from performing robust
subgroup analysis, such as if the two individuals in the BA.4/5-convalescent cohort that
received mRNA vaccines have a significantly different response than their colleagues. We
also wish to acknowledge that sample times after vaccination and infection throughout the
cohorts vary.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents and resources can be
requested from the lead contact, Dr. Shan-Lu Liu (liu.6244@osu.edu).

Materials availability—Plasmids generated for this study can be made available upon
request from the lead contact.

Data and code availability

. Accession numbers have not been provided to the lab yet from the NIH SeroNet
program because data must first be published before deposition. De-identified
information is available upon request made to the corresponding author and will
be deposited with the NIH SeroNet Coordinating Center.

. NTsgq values and de-identified patient information can be shared by the lead
contact upon request. Any other additional data can be provided for reanalysis if
requested from the lead contact.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this work is
available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Vaccinated and patient cohorts—Neutralizing antibody titers in the sera of various
individuals were determined for three cohorts. The first cohort included healthcare workers
(HCWs) at the OSU Medical Center that had received 3 doses of homologous mMRNA
vaccine. The total number of HCWs in this cohort was 15, with 3 having received three
doses of monovalent Moderna mRNA-1273 vaccine and 12 having received three doses

of monovalent Pfizer BioNTech BNT162b2 vaccine. Samples were collected between 14
and 86 days post-third dose administration and collected under the approved IRB protocols
2020H0228, 2020H0527, and 2017H0292. HCWs in this cohort ranged from 26 to 61 years
of age (median 33) and included 10 male and 5 female individuals.

The second cohort included HCWs that received a bivalent mRNA vaccine formulation in
addition to receiving at least two doses of monovalent vaccine. The total number of HCWs
in this cohort was 14, with 12 having received 3 doses of monovalent vaccine (Moderna or
Pfizer formulations) and 1 dose of the bivalent vaccine (Pfizer formulation), 1 HCW having
received 2 doses of monovalent vaccine (Pfizer formulation) and 1 dose of the bivalent
vaccine (Pfizer formulation), and 1 HCW having received 4 doses of monovalent vaccine
(Pfizer formulation) and 1 dose of the bivalent vaccine (Pfizer formulation). Samples were
collected between 23 and 108 days post-bivalent booster administration. Samples were
collected under the approved IRB protocols 2020H0228, 2020H0527, and 2017H0292.
HCWs in this cohort ranged from 25 to 48 years of age (median 36) and included 8 male and
6 female individuals.

The third cohort was comprised of first responders and their household contacts that were
infected with SARS-CoV-2 during the BA.4/5 wave in Columbus, OH. A positive test

was confirmed for each individual via a nasal swab and the virus RNA was isolated and
sequenced to determine the infecting variant. The total number of individuals in this cohort
was 19, 4 of which were infected with BA.4, 7 infected with BA.5, and 8 individuals

whose sequencing results were not conclusive but the timing of infection lines up with when
BA.4/5 was dominant in Columbus, OH (late July 2022 through late September 2022). The
cohort included 17 unvaccinated individuals and 2 individuals that received 3 homologous
doses of monovalent vaccine (Pfizer (n = 1) or Moderna (n = 2)). Samples were collected
under approved IRB protocols 2020H0527, 2020H0531, and 2020H0240. Individuals in this
cohort ranged from 27 to 58 years of age (median 44) and included 4 male and 14 female
individuals (age and gender of one individual unknown).

The full demographic information of cohorts can be found in a previous study.20

Cell lines and maintenance—Cell lines used in this study included human embryonic
kidney (HEK) 293T cells (ATCC CRL-11268, RRID: CVCL_1926), HEK293T cells stably
expressing ACE2 (BEI NR-52511, RRID: CVCL_A7UK), and human lung adenocarcinoma
cell line CaLu-3 (RRID: CVCL_0609). HEK293T cells were maintained in DMEM (Gibco,
11965-092) supplemented with 10% FBS (Sigma, F1051) and 0.5% penicillin-streptomycin
(HyClone, SV30010) and CaLu-3 cells were maintained in EMEM (ATCC, 30-2003)
supplemented with 10% FBS and 0.5% penicillin-streptomycin. To passage, cells were
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washed in PBS (Sigma, D5652-10X1L) then incubated in 0.05% trypsin (Corning, 25-052-
CI) until complete detachment.

METHOD DETAILS

Plasmids—Spike plasmids were constructed in the backbone of pcDNA3.1 and bear an
N-and C-terminal FLAG tags. D614G, BA.2, BA.4/5, and XBB spikes were made through
restriction enzyme cloning (BamHI and Kpnl) by GenScript Biotech (Piscataway, NJ) and
the remaining spikes (XBB.1.16, XBB.1.5, XBB.1.5-E180V, and XBB.1.5-K478R) were
generated through PCR-based site-directed mutagenesis. The lentiviral vector used for
production of pseudotyped virus was an HIV-1-derived vector pNL4-3 carrying an intronic
Gaussia luciferase reporter gene that we have described in a previous study.

Pseudotyped lentivirus production and infectivity—Pseudotyped virus was
produced as previously described.? In short, HEK293T cells were co-transfected with

the pNL4-3-inGLuc vector and spike of interest in a 2:1 ratio using a polyethyleneimine
transfection (Transporter 5 Transfection Reagent, Polysciences). Pseudovirus was collected
from the media of producer cells 48- and 72- hours post transfection and used to infect
HEK293T-ACE2 or CalLu-3 cells. Luminescence derived from secreted luciferase was used
as a readout for infectivity and captured by a BioTek Cytation plate reader.

Virus neutralization assay—Neutralization assays using the pseudotyped vectors were
performed as described previously.# In brief, the sera of interest were serially diluted 4-fold
with a starting dilution of 1:40 and with one well left as a no sera control (final dilutions
1:40, 1:160, 1:640, 1:2560. 1:10240, and no serum control). Monoclonal antibody S309
(kind gift of Dr. Tongging Zhou at NIH) was diluted 4-fold from a starting concentration
of 12 pg/mL. Pseudoviruses were normalized via dilution in DMEM (to ensure similar
infectious viruses), incubated for 1 h, and incubated with target HEK293T-ACE?2 cells;
luminescence readings were taken 48 and 72 h post infection. Neutralization titers at

50% (NTsg) values were determined through least squares fit nonlinear regression using
GraphPad Prism 9 (San Diego, CA).

Syncytia formation—Syncytia formation was used to determine the ability of the spikes
of interest to mediate viral membrane fusion. As described previously, HEK293T-ACE2
cells were co-transfected with the spike of interest and GFP, incubated for 24 h and imaged
using fluorescence microscopy (Leica DMi8 confocal microscope) to observe fusion. Two
wells were imaged for each sample with two randomly selected images taken. Software
within the Leica X Applications Suite was used to quantify the average area of fused cells by
outlining the perimeters of syncytia and calculating the area inside. The “No Spike” control
refers to a well that was transfected with GFP and empty pcDNA3.1 plasmid backbone to
serve as a negative control.

Spike protein processing—HEK?293T cells producing pseudotyped virus were used to
determine the extent to which the spikes were being processed into S1/S2 subunits. Lysates
were collected at 72 h post-transfection through a RIPA buffer (50 mM Tris pH 7.5, 150
mM NaCl, 1 mM EDTA, Nonidet P-40, 0.1% SDS) lysis supplemented with protease
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inhibitor cocktails (Sigma, P8340). The lysis was performed for 40 min and subjected

to SDS-PAGE and western blotting. Blots were probed with anti-S2 (Sino Biological,
40590; RRI-D:AB_2857932), anti-p24 (NIH HIV Reagent Program, ARP-1513), and anti-
GAPDH (Santa Cruz, Cat# sc-47724, RRID: AB_627678). Secondary antibodies used

for blotting included Anti-Rabbit-1gG-HRP (Sigma, A9169; RRID:AB_258434) and Anti-
Mouse (Sigma, Cat# A5278, RRID: AB_258232). Blots were performed using Immobilon
Crescendo Western HRP substrate (Millipore, WBLUR0500) and exposed on a GE
Amersham Imager 600. Quantification of band intensity was performed with NIH ImageJ
(Bethesda, MD). ImageJ quantification was used to calculate an S2/S ratio that was
normalized to D614G (D614G = 1.0).

Spike protein surface expression—To assess S surface expression at the plasma
membrane, HEK293T cells were transfected with 2.5 pg of the S protein of interest.

48 h post-transfection, cells were incubated in PBS + 5mM EDTA for 10 min at 37°C

to detach and fixed in 3.7% formaldehyde for 10 min at room temperature. Cells from

a single well were split into 3 tubes and stained with 1:200 dilution anti-S1 (Singo
Biological, 40591; AB 2893171) and 1:200 dilution anti-Rabbit-IgG-FITC (Sigma, F9887,
RRID:AB_259816). Flow cytometry was performed on Life Technologies Attune NxT flow
cyometer and data were analyzed using FlowJo v.10.8 (Ashland, OR).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 9 and are described in the
figure legends. NTsq values were determined by least-squares fit non-linear regression

in GraphPad Prism 9. Error bars in (Figures 1B and 1C) represent means + standard
deviation. Error bars in (Figures 2A, 2C, and 2E) represent geometric means with 95%
confidence intervals. Statistical significance for neutralization experiments was determined
using log10 transformed NTsq values to better approximate normality (Figures 2A, 2C,
and 2E), comparisons between multiple groups were made using a one-way ANOVA with
Bonferroni post-test. And the comparison between XBB.1.5 and XBB.1.16 for syncytia
formation assay was performed using unpaired two-sided Student’s t tests (Figure 4B).
Bars in (Figure 3) represent best fit for ICgy £ 95% confidence interval (n = 1). Bars in
(Figures 4B and 4D) represent means + standard error. Significance in (Figure 4D) was
determined using a one-way ANOVA with Bonferroni post-test to compare 3 technical
replicate geometric mean fluorescence values.1847:48
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Highlights
XBB.1.16 exhibits high extents of immune escape comparable to XBB.1.5

XBB.1.16 escapes neutralizing antibodies in bivalent- and 3-dose-vaccinated
sera

XBB.1.16 spike is less fusogenic than XBB.1.5 due to the E180V and K478R
mutations

Higher infectivity of XBB.1.16 in 293T-ACE2 cells is driven by the K478R
mutation
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Figure 1. Infectivity of lentiviral pseudotype bearing the S protein of interest in HEK293T-ACE2

and Cal.u-3 cells

(A) Graphic depiction of the evolutionary relationship between XBB.1.16 and earlier lineage
variants XBB.1.5, XBB, BM.1.1.1, BJ.1, and BA.2, with defining mutations displayed.

Curved arrows connecting BM.1.1.1 and BJ.1 to XBB represent recombination.

(B and C) Infectivity of lentiviral pseudotypes bearing SARS-CoV-2 S protein of interest as
determined in (B) HEK293T-ACE2 cells and (C) human lung epithelial cell line CaLu-3.
Bars in (B) and (C) represent means = standard deviation for 3 replicates represented by
individual dots (n = 3). p values are displayed as **p < 0.01, ***p < 0.001, and ****p <

0.0001.
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Figure 2. Neutralization of XBB.1.16 by bivalent-vaccinated, 3-dose-vaccinated, and BA.4/5
convalescent sera
Neutralizing antibody titers of three different cohorts of human sera against lentiviral

pseudotypes bearing XBB.1.16 or other S proteins of interest were determined.

HCWs receiving 3 doses of monovalent mRNA vaccine plus 1 dose of bivalent MRNA
vaccine (n = 14) (A), HCWs receiving 3 doses of monovalent mRNA vaccine (n = 15) (C
and D), and first responders and household contacts that tested positive for COVID-19
during the BA.4/5 wave of infection (E and F) are all from Columbus, OH (USA).

Bars represent geometric means with 95% confidence intervals. Geometric mean NTgg
values are displayed for each subvariant on the top (A, C, and E). Heatmap depictions of
neutralizing antibody titers were made for individuals in the (B) bivalent-vaccinated, (D)
3-dose-vaccinated, and (F) BA.4/5-wave-infected cohorts. Statistical significance in (A),
(C), and (E) was determined using logyg-transformed NTsq values to better approximate
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normality. Comparisons between multiple groups were made using a one-way ANOVA with
Bonferroni post-test, with all compared to BA.4/5 in each panel. Dashed lines represent the
assay’s limit of detection, i.e., 40 (the lowest dilution factor of serum samples). Asterisk

in (B) indicates the individual infected by SARS-CoV-2 within 6 months before the sera
sample collection, and asterisks in (F) indicate the individuals who had received three doses
of mRNA vaccine before infection. p values are displayed as “ns” p > 0.05, **p < 0.01, ***p
<0.001, and ****p < 0.0001.
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XBB.1.5-E180V 3.06 £ 0.72
XBB.1.5-K478R 449 +1.38
XBB.1.16 3.84 +1.04

Figure 3. Neutralization of XBB.1.16 by monoclonal antibody S309
Neutralization of lentiviral pseudotypes by a class 111 monoclonal antibody S309 was

determined.

Plot curves are shown (A), and calculated 1C5q values (best fit £95% confidence interval) are
listed (B); dashed line in (A) represents 50% relative infectivity.
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Figure 4. Expression, fusion, and processing of S proteins of XBB.1.16
(A and B) Fusogenicity of the S proteins. HEK293T-ACE2 cells were transfected with

S proteins of interest and GFP and incubated for 24 h. Syncytia formation was imaged

using fluorescence microscopy (A), with total areas of fused cells quantified (B). Bars
represent means * standard error, and dots represent two biological replicates with two
random areas for each replicate. Significance relative to D614G was determined using

a one-way repeated measures ANOVA with Bonferroni’s multiple testing correction (n

=4). “No Spike” refers to the negative control, which was transfected with GFP and

empty pcDNAZ3.1 plasmid. Significance between XBB.1.5 and XBB.1.16 was determined by
unpaired two-sided Student’s t tests.
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(C and D) The expression level of XBB.1.16 S on the plasma membrane was determined
by flow cytometry on HEK293T cells transfected with S and probed with polyclonal anti-S1
antibody. Three technical replicates were performed, and no significant difference was
detected between the variants. The geometric mean fluorescence values were averaged and
plotted, and an overlaid representative histogram was selected to represent the comparison
between each of the variants. Bars represent means + standard error.

(E) The S processing was determined through the lysis of HEK293T cells producing
lentiviral pseudotypes and the probing for the S2 subunit of S specifically through
immunoblotting. Relative S processing was determined by quantifying the band intensities
using NIH ImageJ and calculating a ratio between S2 and S. Ratios were normalized to
D614G and are listed below the anti-S2 blot (D614G = 1.0). The lysate was also probed
with anti-p24 (HIV structural proteins, transfection control) and GAPDH (loading control)
antibodies. p values are displayed as *p < 0.05, ***p < 0.001, and ****p < 0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Bivalent HCW Sera 20 N/A

3-dose HCW Sera 1,30 N/A

Omicron BA.4/5-wave Infected First Responders and 1,30 N/A

Household Contacts Sera

Chemicals, peptides, and recombinant proteins

Transporter 5 Transfection Reagent

Dulbecco’s Modified Eagles Medium (DMEM)
Fetal Bovine Serum (FBS)

0.05% Trypsin +0.53 mM EDTA
Penicillin-Streptomycin

QIAprep Spin Miniprep Kit

Coelenterazine

Polysciences
Sigma-Aldrich

Thermo Fisher Scientific
Corning

HyClone

QIAGEN

GoldBio

Cat# 26008-5

Cat#: 11965-092

Cat#: F1051

Cat# 25-052-Cl

Cat#: SV30010

Cat# 27106

Cat#: CZ2.5, CAS: 55779-48-1

Deposited data

NTsq Values and De-identified patient data

SeroNet Coordinating Center, NCI,
NIH

N/A

Experimental models: Cell lines

HEK293T
HEK293T-ACE2
Calu-3

ATCC
BEI Resources

ATCC

Cat#: CRL-11268, RRID: CVCL_1926
Cat#: NR-52511, RRID: CVCL_A7UK
RRID: CVCL_0609

Recombinant DNA

pNL4-3-inGluc David Derse, NIH4 N/A
pcDNA3.1-SARS-CoV-2-Flag-S-Flag_D614G GenScript Biotech*® N/A
pcDNA3.1-SARS-CoV-2-Flag-S-Flag_BA.2 GenScript Biotech3? N/A
pcDNA3.1-SARS-CoV-2-Flag-S-Flag_BA.4/5 GenScript Biotech! N/A
pcDNAZ3.1-SARS-CoV-2-Flag-S-Flag_XBB.1.5 GenScript Biotech?0 N/A
pcDNA3.1-SARS-CoV-2-Flag-S-Flag_XBB.1.5-E180V This paper N/A
pcDNA3.1-SARS-CoV-2-Flag-S-Flag_XBB.1.5-K478R This paper N/A
pcDNA3.1-SARS-CoV-2-Flag-S-Flag_XBB.1.16 This paper N/A
Software and algorithms

GraphPad Prism Version 9.0.0 GraphPad
Other

Cytation 5 Imaging Reader BioTek N/A
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