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Use of a point-of-care test

to rapidly assess levels

of SARS-CoV-2 nasal neutralising
antibodies in vaccinees

and breakthrough infected
individuals

Chee Wah Tan2, Chuan Kok Lim3*, Jacqueline Prestedge*, Mitchell Batty3*, Yun Yan Mah?,
Michelle O'Han5, Lin-Fa Wang?, Dean Kilby*> & Danielle E. Anderson5*

Despite SARS-CoV-2 vaccines eliciting systemic neutralising antibodies (nAbs), breakthrough
infections still regularly occur. Infection helps to generate mucosal immunity, possibly reducing
disease transmission. Monitoring mucosal nAbs is predominantly restricted to lab-based assays,
which have limited application to the public. In this multi-site study, we used lateral-flow surrogate
neutralisation tests to measure mucosal and systemic nAbs in vaccinated and breakthrough infected
individuals in Australia and Singapore. Using three lateral flow assays to detect SARS-CoV-2 nAbs,
we demonstrated that nasal mucosal nAbs were present in 71.4 (95% Cl 56.3-82.9%) to 85.7% (95%
Cl 71.8-93.7%) of individuals with breakthrough infection (positivity rate was dependent upon the
type of test), whereas only 20.7 (95% Cl 17.1-49.4%) to 34.5% (95% Cl 19.8-52.7%) of vaccinated
individuals without breakthrough infection had detectible nasal mucosal nAbs. Of the individuals
with breakthrough infection, collective mucosal anti-S antibody detection in confirmatory assays was
92.9% (95% Cl 80.3-98.2%) of samples, while 72.4% (95% Cl 54.1-85.5%) of the vaccinated individuals
who had not experienced a breakthrough infection were positive to anti-S antibody. All breakthrough
infected individuals produced systemic anti-N antibodies; however, these antibodies were not
detected in the nasal cavity. Mucosal immunity is likely to play a role in limiting the transmission

of SARS-CoV-2 and lateral flow neutralisation tests provide a rapid readout of mucosal nAbs at the
point-of-care.

Since 2019, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has gradually evolved through
the emergence of variants with a predisposition for upper respiratory tropism, higher transmissibility and lower
severity2. Systemic mRNA vaccines for SARS-CoV-2 have been shown to be highly effective in reducing disease
severity and hospitalisation. In May 2023, the WHO declared an end to the public health emergency?, signalling
a change in how the pandemic is managed and monitored moving forward.

Modelling has shown a strong correlation between viral neutralising antibody titres with protection against
symptomatic infection with SARS-CoV-2 variants®. This information is useful in predicting the level of protective
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immunity and decay in immunity over time post-vaccination or infection®. The effect on transmission is less
prominent, possibly due to lower levels of protective mucosal antibodies in relation to the sera. Nasal humoral
immunity has been increasingly recognised as an important element in preventing SARS-CoV-2 transmission
or limiting the infection to the upper respiratory tract®’. Most of the evidence derives from animal challenge
studies, in which intranasal vaccines or monoclonal antibodies protect against infection with SARS-CoV-2°. In
addition, low levels of anti-SARS-CoV-2 antibodies are often detected in nasal secretions following systemic
vaccinations, despite much higher antibody levels in the sera. It is possible that the emergence of more immune-
evasive variants (such as various Omicron subvariants) in combination with low nasal immunity induced by
systemic vaccination could contribute to increased susceptibility to infection®.

Immunity is traditionally assessed using virus neutralisation tests (VNTs) but the main challenges with this
method are the lack of run-to-run and inter-laboratory consistencies and the low throughput nature of such
in vitro assays. The development of surrogate virus neutralisation tests (sVNTs) based on antibody-mediated
blockage of ACE2-spike protein interaction has allowed for scalable population surveillance, with strong correla-
tion to VNT when compared to other conventional assays targeting spike receptor binding domains (S-RBD)°.
Although the sVNT assay was developed to assess anti-SARS-CoV-2 neutralising antibody levels in blood or
serum, these scalable assays are also an attractive tool in assessing nasal humoral immunity at a population
level for surveillance and disease modelling purposes. It is imperative to understand the mucosal neutralising
antibody response to SARS-CoV-2 (especially in the nasal cavity) elicited by infection or from vaccination, and
SVNT assays have been used in an attempt to do so'®. However, the sVNT assay is not practical outside labora-
tory settings.

Lateral flow assays (LFAs) provide an accessible clinical utility that is not limited by the need for expensive
equipment or a well-equipped laboratory. Thus, we undertook a proof-of-concept study using three indepen-
dently manufactured SARS-CoV-2 neutralising antibody detection LFAs to determine whether these types of
assays could be used to reliably detect and measure neutralising antibodies (nAbs) from the nasal mucosa.
Following on, a small-scale longitudinal observational study was conducted to assess the nasal immunity of
laboratory workers in two laboratories in Australia and Singapore. We found that LFAs were able to detect nAbs
in nasal secretions, and this was particularly evident following infection.

As COVID-19 surveillance programmes evolve in many countries towards more community focussed testing
using rapid point-of-care tests, innovative approaches such as the development of sVNT technologies in LFA
format are highly appealing for rapid, large-scale population surveillance, especially when accessing remote and
vulnerable populations.

Methods
Study participants
Human experimental work was conducted according to the Declaration of Helsinki Principles and the Australian
National Health and Medical Research Council Code of Practice. All participants provided verbal informed con-
sent prior to the study. Ethical approval for this project was obtained from the Royal Melbourne Hospital Human
Research Ethics Committee (RMH HREC 2020.179) and Duke-NUS Medical School (NUS-IRB-2021-108).

A total of 71 volunteers were included in this study (Table 1). 51 volunteers were recruited in Australia and
20 in Singapore. All participants had received at least 3 COVID-19 vaccine doses at the time of participation.
Participants were required to fill out a questionnaire to indicate the date and manufacturer of each vaccine they
had received, and the dates of any previous SARS-CoV-2 infections (confirmed by PCR or rapid antigen test).
New SARS-CoV-2 infections that arose during the study period were also noted, with a second set of samples
collected from those participants (Table 2).

Sample collection

All human specimen materials were considered infectious and hazardous and handled using standard biosafety
procedures. Serum: Samples of blood were obtained by venepuncture, collected in red top Vacutainer collection
tubes without the presence of coagulants. Blood was allowed to clot, and the serum separated by centrifugation
at 3000 x g for 10 min. The serum was then carefully withdrawn and decanted into a new pre-labelled tube.
Specimens were frozen at — 20 °C for longer term storage and tested as soon as possible after thawing. For frozen
samples, more than two freeze-thaw cycles were avoided. Prior to testing, frozen specimens were brought to
room temperature slowly and gently mixed. Samples containing visible particulate matter were clarified by cen-
trifugation before testing. Whole blood: Samples of blood were obtained by venepuncture, collected in purple top
Vacutainer collection tubes containing heparin. Heparinised blood was collected and used for LFA within 3 h of
collection. Nasal swabs: Each individual participant performed their own nasal swab (both nostrils were swabbed
with a nylon flocked applicator) and swab was immersed in 1 mL liquid Amies media and used for LFA within
3 h of collection. Remaining nasal lysate sample was stored at — 20 °C and subsequently used for immunoassays.

Qualitative colloidal gold lateral flow assays

Two LFAs (SARS-CoV-2 Neutralising Antibody Rapid Test Kit, DXK007, GenScript; and COVID-19 IgM/IgG
Antibody Colloidal Gold Test, Anbio) were used for each sample type. The test sample (50 pL whole blood or
50 pL nasal lysate) was dispensed into the sample well of the test cassette. The sample mixes with the colloidal
gold RBD conjugates upon sample addition and anti-SARS-CoV-2 RBD antibodies, if present, bind to the RBD-
biotin-Au conjugates. Samples were allowed to migrate for 15 min, then LFA cassettes were photographed. Two
visible lines on the cassette indicate a SARS-CoV-2 RBD antibody positive test result.

Scientific Reports |

(2023) 13:20263 | https://doi.org/10.1038/s41598-023-47613-8 nature portfolio



www.nature.com/scientificreports/

panunuo)

os¢ - | zeozsseimt oN wmd | 120zt | wwyd | teozeuw | ezya | 1zozsie x| 6 a| zeo-vaIN
Teoz/Ee/Tt 102 -| czozszmt oN | euepon | zzoz/ti/s|  womd | tcozctet | emd|  tcozom | wzya | 1zoeite sx| o] W| 10vaIN
s8¢ €21 | ceou/se/n 20T/8TIL sk o | 1eoest | wemgd | teozely | ezwa | 1zousie x| sp|  W| 080-vaIN
pLE 151 | zeoe/sz/n 2202/90/0¢ sk wo7d | 1z0z/11/61 | wmyd | 1eozmore0 | wzua | 1zoz/core x| er|  W| 620vaIN
T€1 vez | ceoeisTit e0T/81/p st | xesesoN | eoz/oz/c| w7yd | tzoTot/et|  wmd | tzozero | erud | 12oz/esd sx| s 1| szo-vaIN
BIUY BIU
ope es1| Teoz/se/in T20/82/9 sk worya | reozieifer | oL vzoesenso | e | 120zio S| s 4| LTo-vaIN
BIUY BIUY
A €ze | Teoz/se/it 202611 K| wd | Te0z/8UL| YA | T0UVUL| e | TROEL| Tonel|  zozlsl x| €S 4| 9T0-VAIN
% su1 | ceoe/sTnt T20/1/9 s | womd | ceovcs | wzyd | 1otz | wmga | 1wowse | wma | teozeus x| e W| s20-vaIN
see @81 | zeoz/eTnt 220T/5T/S sk w7y | 120z/eeet | wmd | teooue|  wemya | 1zozen x| ep | veo-vaIN
pLE 10z| ceozii T20T/v0/0 s% wmyd | 1e0z/ot/6e | sz | 1zozicois | wozud | 1zotrg0/60 x| 1e|  W| e0vaIN
BIUY ’IIUY
602 - | wom ON|  7yd | T20z/HO/el | wmd | 12021IT | el | 20zizoet | el | tzoesoret x| ss 4| T20VAIN
eIy BIISY
0ze ge1| zwoniLmt 22090/ sk popy| TR0/ | sema | 10z/L0/20| o | 1202/90/90 sx| e W|  120-vaIN
1 - worumt oN| wzyd| zoowel/L| wmd|  czoe/s/t|  eryd | 1goz/o/s | wzyd | 1o0TsiL sx| o W] ocovaN
'euId
611 -1 woyLm ON | BWIOPOW | Z20T/TT/L | _jool TC0T/TI/0C | Homd | TT0ZT/L06T | R7d | T20T/L0/80 sk 0s | 610-VAIN
BIUD BIUY
o o] TeoT/L e0T/s1/s SX|  wmd| Te0z/er/s | 7ud | TOT/SUT | otl | 1e0uenso | Cppet| 12029 x| 09| W[ SI0VIIN
'rUID ’IUY BIIUD
e0z/sT 662 -] oy oN popy| TR0zrE0s60 | nlt | wzozsorrt | gCE | reoessoret sx| o 4| L10VAIN
BIIUD
S0t - wowem oN| wmyd | zzoe/coiz | wma| teonion | Conch | teozsome | Corch | tzozmos x| €S 4| 910-VAIN
®2UIZ
692 - wowem oN onew | TUWTTOIL0 | 17Yd | TZOT/OUST | 197d | 1200/60/22 x| ep 4| S10-vAIN
o1t €99 | 20t/ 1202/6/1 x| wmd| zooeicoor | wzya | teozeing|  wmwd | 1zozeosse | wmd | 1zozsosse x| s | wro-vaN
€8 - zozem oN | xeaeroN | 2z07/80/21 | 1o7yd | T2oz/11/80 | tozud | 1zoe/vorct | emyd | 120T/£0/61 x| s | €r0-vaN
220/02/11 L01 - | ceozem ON| 7yd | T20T/L0/61 | Ho7yd | 12oz/Ti/Ll|  1o7yd | 1202/L0/91|  3979d | 1202/90/5T x| 19 1| T10vaIN
U
82c 6| czoe/sTion 220e/01/61 e woma | Te0z/eomt | Conlh | T20TB0/6T | operr | T20T/SO/TE sk 75 W| 110-VaIN
16 -| czoesz/on ON | eurepol | 7Z07/20/6T | 1975 | T2oz/T1/61|  %ozud | 120e/v0/€1 | 1075d | 1207/€0/61 x| ov|  W| 010-VIIN
91¢ s1z| ceoesz/on Te0t/£0/L2 S8 w794 | 1207/21/91 | *zyd | 1zozioo/et | wzyd | 1z0/50/e x| 6t a| 600-vaIN
81¢ 151 | T20z/8T/01 220/50/0€ s3% w794 | 1202/2U/P1 | 37yd | 1202/70/80 | 1978d | 1202/40/80 x| 68 W| 800-vaIN
T2oz/o1/el 8ve €12 | T202/87/01 Te0T/6T/E sk o | 1zowynn | wwd | teozelw | ezwa | tzozene x| e W £00-VIIN
T20T/62/TT L01 - | zzozozion oN | eurepow | zz0z/0/11 | s97md | Teoz/tos0 | zud | 1zoziot/ko | zya | 1202/60/10 x| 6t 4| 00-vaIN
oL/t 8 - | ezozozion oN| zyd | 2z0T/80/60 | 1o | tzoztier | wzyd | 1zoemosgo | semd | 1eoz/cosst x| | W[ $00-vAIN
£re et | zeozoz/on | zeoziovet | zzoeiorct sk w794 | T20z/20/sT | 1o7yd | 1202/50/90 | 1979d | 120240721 x| 4| €00-VAIN
80 ct1 | zeoz/czion 2202/90/9T sax wzyd | 1z20t/e/ee | wmd | 1zoemosor | wzya | 1eozisone x| o 4| T00-VAIN
pse 291 | zzoe/9z/on 220T/s0/Tt sk wa | 1eoz/ont | zyd | teoz/tiz | wmgd | tzoe/ia x| o | 100-vaIN
vd (skep) (skep) | womdaI0d 1vy 10 Ivd 0 | uondayuy | aumoep are | aumdep e | sumdep e | sumdep ayeq | pajeurodey | (s1ead) |Iopusn ar
10 YD Apms | uopeumdeA | uondayuI sidures | YD ISIY | WDJISAY | snomdig a8y yuedonaeq
-3s0d jo are@ jsey 2oUIS U331 | qeMms/poo[q Joareq@ Jo areQ@
suuy, Jsowr Jo e
2ouIs
suiy, Zuondayuy | T uondayuy $ asoq ¢ asoq z3soq 19s0Qq
reurpmiSuoy uond3ed sdureg £10)S1Y UOTIJUT T-A0D-SAVS £103sTY UORUIDIEA T-A0D-SUVS sonydesSoung

nature portfolio

https://doi.org/10.1038/s41598-023-47613-8

:20263 |

(2023) 13

Scientific Reports |



www.nature.com/scientificreports/

panunuon)

so¢ 0st| zeoe/szt Teoz/L sax wzyd | Teor/se/nt | mmyd | teoewie|  mmal| teorsot sag ve 1| 190-vaIN
Ls€ - | zeozioe/ oN mmm 1207/8¢/T | wmd| 120t | temyd | 120T/cTT s9% z€ I| 090-VIIN
’uI

e zt | zzoz/set 7T0T/8/8 sax ﬁ%z 120z/tT/IL | Wy | 120evLT | tozyd | 120z/STT sk o€ W| 650-VIIN

~ on | 10OIRAIQ . euId eI o :
6 2e0T/8T/T N | puapopy | CC0Z/TU6T vd | woemie | gl TowstL| gl Teozf x € 4| 850-VAIN
607 - | zeozse oN wzyd | 105101 | wpa | teozssz|  tomyd | 1zoz/sU sax L€ W| £so-vaIN
£0¢ - | zeozset oN wmm TeoT/stt | wpd | Teows/z|  1oTyd | 1202/8UT sax ce W| 950-VaIN
Teoe/Tee 128 - | zeoe/gent oN wmm 1202/91/11 |  ozyd | 120z/8/z| 07yd | 120T/81/1 sax 1€ W| SSOVIIN

HQU—NN/NH— euId

1€ - | zeozset ON | puopopy | EOUTIOT | pone | T20T/TE/TL | wonyd | rzozsg/T | senya | rzoessit sax 8¢ 4| PSOVAIN
pse 0Lt | zeoTisiset T202/8¢/9 s9% wm_m 1200/9T/T | wzmd| Teowist/z|  1oTyd|  120T/ETT 595 6¢ 4| €50-VAIN
80% -| zeozzre Te0TTITT sax wayd | T0/8/TT|  mmyd | Teoe/orv|  1omyd | 120z/9l/s sak 87 W|  zs0-vaIN
e (| seontun Teoz/sere s9 | eurapoy | zzoz/so/cz|  wzyd | Teoricijet|  mmyd | teoeorm|  mmya| teoz/tes sax %9 4| 1S0-VIIN
Gt 61| czoz/TU TeoT/sT/et sox | ewmepoly | ceoz/t/s|  wzgd | tzozicier|  wma|  teozom|  semya | tzoztee sax 19 W| oso-vaIN
€St 19t|  szozmin TT0T/61/F x| mwzyd| coortyg|  wmd| tzozseter|  wmal| teowsuw|  remya | tzozssus s9% oF W| 6v0-vaIN
0% 11| zzoz/teret | ceozioret | zzozsseis sak wzyd | TeoT/HITT | mzyd | TeoT/el/v | Byd | 120z/6l/S s9% Ie W| spovaIN
L5 s61| zzoz/Te/et 7T0T/6/9 sax m”_mwwm TOTALIT | 1ozyd | TZ0Z/8/TT|  Izyd | 120T/9/F|  07ud | T120TST/E sk 65 I|  FOVIIN
TeoTT/et 80 | zeozzse oN w2yd | Te0T/8/TT|  Eyd| Te0T/oT/v | 1omyd | 120T/91/E sax 8¢ w| orovaN
6v1 -| zeozsisen oN | eusapo | zzozset/z|  tozyd|  ceowiot|  mmyd | teowsesg|  wemd | Teowiei/e sk & d|  SPO-VIIN
8z¢ - | zeowssiet oN wmm Te0e/iT/t | wmyd | T1e0T/S/L|  erd | 1202/S1/9 sak L5 d|  PROVIIN

euId NUUH—MN NUUH—DN ~
18¢ o¢| zeowistset Te0T/ST/TT sag popy| CR0zE0/60 | oncl | reoziorrt | TonlE | rzoessoret sax o¢ d|  eh0VIIN
6L€ 1] Teozsstret Te0T/8TUTT s9k wayd | 10e/1/et|  mmyd | teocionss |  memya| teocicom sax ¢ i| TH0VIIN
6c€ 20t | czozssie Te0T/LTlS s9k wyq| zeoroyt| wemyd| teorsts|  mmyd | tzozser s9x Ic W| TH0VIIN

B ®IUIZ ®RUDZ i
eve Te0z/ST/TT oN orgg | w0z | ol teonsiL| opel | eouon sax o7 W| 0p0-VIIN
L8 o1 | zeowisi/en Te0T/6T/1T so | ewsepopy | 7z0z/20/T1 | 07ud | zzoz/torso|  1myd | 1zoz/otpo | 1ozyd | 120zie0/10 sx 6¢ d| 6£0-VIIN
co¢ 61| zeoe/si/er | zeoe/80/80 | Teoz/zo/mo sak wayd | Teog/cl/et | smyd | 1eozielv | 1empd | ozoz/ocss s9% v W| 8€0-VIIN
61 st | zeowst/en T20T/0T/TT ok | mzyd | zeoz/colet | wzud | tzozziict|  wmyd | teozizo/or | 1ozyd | Teozieo/se sag 19 4| LE0-VIIN

_ ’UID BIIUIY BIUdY ~
" Ze0T/ST/eT ON | PuRPOW | T20UTIL | pore | 20TOUT | Torlh | teozioess | oper | T20T/El s9% bs 1| 950-VIIN
A 681 - | zeozse oN | eusapow | zzozscr/s | tozyd | Teozizl/ct|  mzyd | tzozo | wezd | Teowiizse sax %9 I| seo-vaIN
sLc c1¢ | zeoe/seit Ze0T/61/T 595 wayd | Te0g/81/TT | 1ozyd | TeoT/sUv| 1wy | Teoz/si/e sk ) 1| PEOVAIN
8L¢ ezt | zzor/se 720T/8TlL ™ wzyd | 1e0z/st/T | wand| Teowisyv | semyd | 1e0w/8l/s s9% B W| ceovaIN
IVa Aw%ﬁﬂvv Am%ﬂﬂvv H—G_ﬁ“v@:cnv VY 10 VY 10 -.—GH—Q@.«H—H QUIddeA e QUIddBA e QUIddeA e q QUIddBA djeq v@ﬁNEUUﬁ> Amh.ﬂﬁ%v Hﬁv—.—ww ar
10 YD Apmys | uopeumdeA | uondayur sidures | YD ISTY | WDJISAY | snomdig a8y yuedonaeq

-3s0d jo are@ Jsey 2oUIS U331 | qeMms/poo[q Jo areq@ Jo areQ@
suuy, Jsow Joareq
2ouIs
suiy, Zuondayuy | T uondayuy $ asoQq ¢asoq z3soQq 19s0Q

reurpmiSuoy uond3ed sdureg £10)S1Y UOTIJUT T-A0D-SAVS £103sTY UORUIDIEA T-A0D-SUVS sorydesSowng

nature portfolio

https://doi.org/10.1038/s41598-023-47613-8

:20263 |

(2023) 13

Scientific Reports |



www.nature.com/scientificreports/

‘soryderdowap juedonieg °1 dqer,

euId

8C¢ 16T | TT0T/8T/T1 0e/01/c SO | BUIOPOIN | TTOT/TT/ST POl TeoT/v/1 LzYd | 120T/€T/L pzyd | 1202/12/9 LN ST d CTLO-VA'IN
BUID
cee = | TT0T/8T/11 ON PO 120T/1€/CT zhd 120T/L/8 1z 1202/S/L SoA (43 d TL0-VAIN
see Ly | TT0T/8T/TT T0T/T1/01 SK 1202/8¢/T1 .ﬁ:o 1202/%/8 w.uo:uN 1202/2/9 Sk LT d 0£0-VA'IN
PO 'I)SY
BUID BUID BUID
s, $9, -
(143 9L | TT0T/8T/TT e0T/ET/6 N -poI 120z/€T/Tt -pol 120T/L1/L POl 120T/€1/9 A 9T 4 690-VI'IN
BUID BUID
- o) 197 $9, -
€9T T0T/6T/11 N Yd | TCOT/11/€ POl 1202/81/L PO 1202/9/9 A (43 d 890-VA'IN
euI jqise)
SST PIT| C20T/8T/T1 Te0T/9/8 SOK P7Yd | TT0T/81/¢ -pol 1202/91/L PO 1202/¥%/9 S s¢ W L90-VA'IN
9, JuoLEALQ eub 197 197 $9, -
81 LIT | T20T/6T/11 e0T/vI8 X BUIPOIN T°0T/T1T/11 POl 1202/€1/01 Ud | 1202/%1/C Yd | 1202/TC/T A 9¢ W 990-VA'IN
BUID
60¥ = | Teoz/eT/11 ON .ﬁMMA 1202/91/01 744 | 120T/¥1/C pzyd | 120T/T/1 Sk 0¢ W S90-VI'IN
769 9S | CT0T/6T/11 C0T/v/01 SK P7yd 1202/¥%/1 Rzyd | 120T/¥1/T RzYd | 120T/€T/1 Sk 143 W ¥90-VAIN
USTBAT
79¢ 80T | TTOT/0¢/T1 °T0T/¥1/8 SX wwhowo% eoT/Ti/6 zhd | 120T/¢/T zyd | TT0T/¥1/C pzYd | 1207/€T/1 Sk 4% W €90-V4'IN
STy —| TT0T/6T/11 ON .MM“M 1202/01/01T zYd | T20T/¥1/C zYd | 120T/TT/1 SK Ly W 790-VA'IN

nature portfolio

//doi.org/10.1038/s41598-023-47613-8

https

120263 |

(2023) 13

Scientific Reports |



www.nature.com/scientificreports/

"1I0Y0) WONOJUIRY “T dqeL,

62¢ 81 €20T/T1/1 220T/FT/Tl 9K 7S0-VAIN
1zyd 1202/8/11 1744 1202/91/% 1734 1202/91/€ 8z

80€ - otz oN 9H0-VIIN

917 L1 €20T/11/1 z20T/sT/Tt 9K 150-VA'IN
BUIIPOI 2207/€T/S 1zyd | 1207/L1/2T 1234 1202/91/% 1234 1202/12/€ i)

681 - zorsy oN SE0-VIIN

%4 61 €20T/T1/1 220T/€T/TT 9k 050-VIIN
RUIIPOI 220T/11/S wzYd | 1202/L1/21 1744 1202/9/% 1754 1202/12/€ L9

102 - zeowsy oN T1€0-VIIN

0¥ 1| wozieer|  zzoz/or/e ze0T/6T/s 9K 870-VIIN
17yd | T20T/ET/IT 174 1202/61/% 1734 1202/61/€ 1€

8¢ - zeoz/sz/on 220T/6T/€ 9k LO0-VAIN

b Oe| eeoesiat caozea/t s ewIBpol | 7707/£0/60 221 zozsouspt 22 1zoz/s0/6t o€ EOVIIN

L€T - T20T/€/T1 ON “RZENSY “USZENSY L10-VIIN

6v1 sz|  weozsi/Tt 2207/07/11 9K LEO-VIIN
7Y4 | T20T/L0/61 wpayd | 120T/T1/LT wzYd | 1202/20/91 07Yd | 1202/90/5T 19

01 - 220T/E/1T oN T10-VAIN

£S1 91|  zzoz/si/Tl 220T/6T/11 sk 6£0-VIIN
BUIPOW | TT0T/LO/TT 17yd | 2207/10/80 wzYd | 1202/01/50 0794 | 1202/60/10 6¢

01 - zeoz/aziorn oN S00-VAIN

nature portfolio

//doi.org/10.1038/s41598-023-47613-8

https

120263 |

(2023) 13

Scientific Reports |



www.nature.com/scientificreports/

Quantitative fluorescent lateral flow assay

The Neutralising Antibody of SARS-CoV-2 Test (Fluorescence Immunochromatographic Assay) (Anbio) was
used for each sample type. The test sample (50 pL whole blood or 50 uL nasal lysate) was dispensed into the
sample well of the test cassette. Samples were allowed to migrate for 15 min, then LFA cassettes were read in
the handheld immunofluorescence analyser (AF-100S, Anbio) and values recorded. A value above 25.0 IU/mL
indicates a SARS-CoV-2 RBD antibody positive test result.

Electro-chemiluminescence immunoassay (ECLIA)

Two assays were used: the Elecsys® Anti-SARS-CoV-2 assay (Roche), which uses a recombinant nucleocapsid (N)
protein to detect N antibodies; and the Elecsys® Anti-SARS-CoV-2 S assay (Roche), which uses a recombinant
RBD protein to detect Spike antibodies. Testing was undertaken on the Roche Cobas platform, as per the manu-
facturer’s instructions for use. For the Elecsys® Anti-SARS-CoV-2 assay, semi-quantitative results are reported
as a cut-off index (COI), where a COI< 1.0 is non-reactive and a COI > 1.0 is reactive. For the Elecsys® Anti-
SARS-CoV-2 S assay, the analyser calculates the analyte concentration of each sample in U/mL, where <0.80 U/
mL is negative,>0.80 to <250 U/mL is positive and =250 U/mL is positive and the numeric value is reported
as>250 U/mL.

Multipleximmunoassay

SARS-CoV-2 N and S protein conjugated MagPlex microspheres (Luminex) were pre-incubated with 1:100
diluted serum or nasal swab sample for 1 h at 37 °C, followed by addition of 1:1000 diluted PE-labelled, anti-
human IgG antibody (eBioscience) for 1 h at 37 °C. The MFI value was acquired using MAGPIX luminex plat-
form. Samples with MFI value greater than 800 were considered positive.

Ethics statement
Ethical approval for this project was obtained from the Royal Melbourne Hospital Human Research Ethics Com-
mittee (RMH HREC 2020.179) and Duke-NUS Medical School (NUS-IRB-2021-108).

Results

Participant demographics and samples

To establish if nAbs could be detected by Point-of-Care (POC) lateral flow devices, we sampled 71 participants
from two countries: Australia (AU) and Singapore (SG) (Fig. la). Of the 71 participants, 51 were in Australia
and 20 in Singapore. There were 39 females and 32 males in the cohort with a median age of 42 (range 25-67).
All participants had received at least 3 COVID-19 vaccine doses, predominantly Pfizer and Moderna, but also
AstraZeneca and Novavax. Only vaccinated participants were recruited into this study (Table 1).

Detection of neutralising antibodies by LFA

We tested each sample, simultaneously, on three lateral flow assays: two qualitative colloidal gold LFAs (Anbio
and Genscript) and one quantitative immunofluorescence LFA (Anbio) (Fig. 1a). Both qualitative LFAs posi-
tively detected nAbs from the blood samples of all participants, as expected. Nasal nAbs were detected in 60.6%
(95% CI 48.9-71.1%) of samples by Genscript LFA and 64.8% (95% CI 53.2-74.9%) by Anbio (Fig. 1b-d). Nasal
nAbs were predominantly detected in individuals with breakthrough infection, but the rate of positivity varied
between LFA. In the vaccinated only cohort, positivity rates of 34.5% (95% CI 19.8-52.7%) (Anbio, Fig. 1¢) and
31.0% (17.1-49.4%) (Genscript, Fig. 1e), were observed in qualitative assays and 20.7% (95% CI 9.5-38.7%) in
the quantitative assay (Anbio, Fig. 1f). In the breakthrough infection cohort, positivity rates of 80.9% (95% CI
66.4-90.3%), 85.7% (95% CI 71.8-93.7%), and 71.4% (95% CI 56.3-82.9%) were detected (Fig. 1c, e, f respec-
tively). In summary, all three LFAs were able to detect SARS-CoV-2 nAbs in the nasal samples of vaccinated
individuals or breakthrough-infected individuals.

We observed that the proportion of individuals with nasal nAbs was higher in the breakthrough infection
group of the cohort (Fig. 1g). When comparing the geometric mean of the level of circulating nAbs in the blood,
detected by LFA, we found vaccinated individuals had higher levels (119 IU/mL), compared with individuals with
breakthrough infection (88 IU/mL) (Fig. 1g). In contrast, significantly higher levels of nasal nAbs (35.9 ITU/mL)
were detected in individuals with breakthrough infections compared with uninfected participants (11.9 IU/mL)
(Fig. 1g). These results suggest that nasal mucosal immunity is enhanced following an infection.

Serum vs nasal antibodies

To further characterise blood and nasal samples from both cohorts (AU and SG), and to differentiate between
spike (S) and nucleocapsid (N) antibodies, two distinct assays were used. The ECLIA assay was used to analyse
the AU cohort (Fig. 2a) and multiplex microsphere assay was used for the SG cohort (Fig. 2b). S antibodies
were detected in all participants using either assay. S antibodies were readily detectable in nasal samples, but
present in a higher percentage of people following breakthrough infection (72.4% and 95.4% in vaccinated and
breakthrough infection, respectively). All individuals (100%) who had prior exposure to SARS-CoV-2 carried N
antibodies in the blood. N antibodies were not readily detected in nasal samples; only 9.3% (95% CI 3.1-22.2%)
of the infected individuals had detectable N antibodies. Infection increased the amount of S, but not N, antibod-
ies in the nasal cavity, however the majority of the readings that arose from the N assay were relatively low and
below the limit of detection.
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Figure 1. (a) Sample collection and procedure. A total of 71 participants were recruited in Australia and
Singapore. A nasal swab and a venous blood sample were collected from each participant. Three lateral flow
assays were simultaneously used to test the two samples from each participant. (b, ¢) Anbio, and (d, e) GenScript
qualitative colloidal gold neutralisation test. (f, g) Anbio quantitative fluorescence neutralisation test.

Agreement between assays

To determine specificity of the quantitative LFA to detect nAbs from nasal samples, we compared the results
obtained on the LFA with a diagnostic electro-chemiluminescence immunoassay (ECLIA), Elecsys” Anti-SARS-
CoV-2 S, which uses a recombinant RBD protein to detect Spike antibodies (Fig. 3). The ECLIA assay is used
as a diagnostic assay by the VIDRL lab, where the AU samples were collected, and the samples used in this
comparison were from the AU cohort. Linear regression using the IU/ml value determined by quantitative LFA
and U/mL value determined by ECLIA suggests a moderate correlation between two assays, with an R*=0.8033,
and supported by an overall concordance between assays of 62.7% (95% CI 49-74.7%) and a Kappa statistic of
0.06 (95% CI - 0.05 t0 0.2).

Longevity of antibodies in blood and nasal secretions

We examined the longevity of blood and nasal nAbs as detected by quantitative LFA. We observed that neither
vaccinated individuals, nor those who experienced a breakthrough infection showed waning of circulating
blood nAbs, up until 15 months post-vaccination (Fig. 4). Compared with circulating antibodies in the blood,
the overall level of nasal nAbs was quantitatively lower, and the antibodies in vaccinated individuals appeared to
wane at a faster rate (Fig. 4). These results indicate that breakthrough infection produces higher levels of nAbs
in the nasal mucosa and those antibodies are more robust than the antibodies found in nasal mucosa of those
who had not experienced a breakthrough infection.

Nasal antibodies increase after infection

During the course of the study, there were 7 participants in the AU cohort who contracted SARS-CoV-2 and a
second sample set was collected following their infection (Table 2). Of these 7 participants, 6 were previously
uninfected, and one had been infected once before. NAbs in blood and serum were measured by quantitative LFA.
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Figure 2. Nasal and blood spike and N antibody levels detected in blood and nasal swab from (a) Australia
and (b) Singapore. In Australia, the N and Spike antibodies were detected using Elecsys” Anti-SARS-CoV-2
assay (Roche), which uses a recombinant nucleocapsid (N) protein to detect N antibodies; and the Elecsys’
Anti-SARS-CoV-2 S assay (Roche), which uses a recombinant RBD protein to detect Spike antibodies, while a
Luminex-based microsphere assay was used in Singapore. Each dot denotes the antibody titre (U/ml or MFI) of
a sample, while the box shows the interquartile range with median at the centre, and the whiskers represent the
maximum and minimum.

400

w
(=3
T

R2=0.8033

ECLIA (U/mL)
- N
o [=]
2

o
|

T T 1
0 50 100 150 200
Quantitative LFA (IU/mL)

Figure 3. Correlation of neutralising antibodies across assays. Values obtained from the AU cohort on the
quantitative LFA were compared with a diagnostic electro-chemiluminescence immunoassay (ECLIA), Elecsys’
Anti-SARS-CoV-2 S. Spearman correlation analysis using the IU/ml value determined by quantitative LFA and
U/mL value determined by ECLIA produces a correlation between two assays, with an R?=0.8033.

The level of nAbs in the blood decreased after infection in all but one participant (Fig. 5a). In contrast, detect-
able nasal nAbs increased in all but one participant (Fig. 5b). This data demonstrates that nasal nAbs increase
to detectable levels after infection and can be measured by rapid test.
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performed using GraphPad Prism 8.

a Blood LFA b Nasal LFA
— 1000+ ~ 1000
TE' 500 k E 500
2 200 2 200
< <
% 150 S 150
[ (]
> 2
£ 100- T 100
- =
.‘E .\. E i
© 50 © 50
= *~—e =]
<] (¢}
0 T T 0-
"»
Q\Q Q\e:b &Q\G &Q\Q

Figure 5. Neutralising antibody response pre- and post-breakthrough infection in (a) blood and (b) nasal
samples.

Discussion

Nasal and/or mucosal immunity plays a critical role in the defence against airborne viral infection. Nasal IgA
levels wane and are not induced by subsequent booster vaccinations'' and increasing numbers of SARS-CoV-2
breakthrough infections among vaccinated individuals indicate that long lived sterilising immunity is not main-
tained. This is likely a complex result of continued virus evolution to evade immune detection in the context
of immunisation against ancestral WT and/or Omicron BA.1 antigen. Studies have shown that vaccines that
elicit a robust mucosal immune response are more effective at preventing infection and transmission of SARS-
CoV-2'2 Therefore, elicited nasal or mucosal immunity is crucial for the effectiveness of COVID-19 vaccines.
Nasally administered vaccines are under development that will, hopefully, induce sustained neutralising antibody
production against SARS-CoV-2 at the site of viral entry'>-'°.

Currently, assessing mucosal nAbs remains primarily restricted to lab-based serological tests. In this study,
we demonstrated that three separate POC lateral flow SARS-CoV-2 neutralisation tests were able to detect nAbs
in the nasal cavity. Even though the POC assays used in the experiments were originally developed to measure
nAbs in blood or serum, the extended functionality to measure nasal nAbs from a simple swab enables rapid and
easy identification of adaptive protection against SARS-CoV-2 at the physiological site where it is most impor-
tant to provide sterilising immunity. Such POC assays would allow for easier, increased surveillance testing of,
for example, healthcare workers and staff members at skilled nursing facilities, which would potentially reduce
COVID-19 cases and deaths among residents as previously shown by McGarry et al.””. As this is a preliminary
study using these POC assays in a manner that differs from the manufacturer’s instructions, validation would
be required before implementing their use in clinical settings.

This study shows that intramuscular administration of the original vaccines most commonly used in Aus-
tralia and Singapore can elicit an immune response (in a proportion of the population) in the form of anti-S and
neutralising antibody presence in the nasal cavities. The levels of both neutralising and total anti-S antibodies
are significantly increased in people with breakthrough infections, with a concurrent decrease in serum nAbs.
In addition, there was a moderate correlation between neutralising antibody and anti-S antibody levels. It is
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unclear at this stage as to whether the nasal mucosa nAbs are produced in situ or whether nAbs present in the
serum translocate to the site of infection to defend against viral entry and replication.

Using different assays to measure the anti-S and anti-N antibodies across AU and SG cohorts was not ideal,
however due to equipment availability in the laboratories this was a necessity. Even so, the results from both
countries corresponded with anti-S and anti-N antibodies being detected in the blood of all participants who
were vaccinated or had a breakthrough infection, respectively.

The persistent levels of nAbs that we found in both the blood and nasal mucosa is contradictory to the major-
ity of reports that have measured nAbs from vaccinated subjects in longitudinal studies and shown a decrease
over time'®-%!. Even though the wane rate differs between studies, it is generally accepted that it occurs (thus, the
need for booster vaccinations) and the differences are reported to be due to different vaccine regimes, age, sex
and/or comorbidities**~?*. The method by which we detected nAbs is quite new and is potentially the reason for
the unexpected results, although it is also accepted that POCT LFA are inherently less sensitive than traditional
assays. Alternatively, the neutralising antibody response elicited among individuals differs greatly and measure-
ment of the levels at a single point in time, as opposed to longitudinally, does not provide the most accurate
wane rate indication. Irrespective of the reason, Levin et al.?? have previously shown a negligible decline in nAbs
between 3 and 6 months post-vaccination and Tuells et al.*® similarly demonstrated the maintenance of optimal
neutralising antibody levels 6 months after vaccination using a rapid lateral flow immunochromatography test.
These reports support our results of sustained neutralising antibody levels.

This study has shown that both blood and nasal nAbs can be detected by qualitative and quantitative POC
assays in a rapid and easy manner with only relatively small sample volumes required. Even with the ongoing
research into the kinetics and dynamics of nAbs and how this may relate to the protection against SARS-CoV-2
infection, the relationship is still poorly understood and highly complex. A longitudinal study with a larger
sample size will be conducted to measure nasal mucosa nAbs at regular intervals over a period of 12 months;
such data will provide a more accurate indication of the longevity of the neutralising capacity, and associated
protection against SARS-CoV-2, at the viral site of entry.

A few limitations with this study can be noted. As the participants for the study were laboratory workers
who had all been vaccinated, there were no true negative control samples in the form of unvaccinated subjects.
Furthermore, it is difficult to recruit unvaccinated or uninfected individuals as majority of the population are
either vaccinated or infected. In addition, the sample size was not large enough to group by time post-vaccination
or infection to more robustly assess the wane rate of nAbs in the blood or nasal mucosa in this manner. Fur-
thermore, the nasal swabs were collected into 1 mL liquid Amies, with only 50 uL added to each device; this
dilution factor is quite large relative to the blood samples, which were applied neat. Lastly, this study does not
specifically measure mucosal IgA level and further analysis of the nAb isotypes is warranted as it has been shown
IgG and IgA antibody concentrations provide different binding specificity, which is location, infection, time and
vaccination type specific?-%,

Irrespective of the limitations, clear differences can be seen in neutralising, anti-S and anti-N antibody levels
between subjects that have had breakthrough infections and those who have been vaccinated only. Similar results
were seen by Liu et al.'® during their longitudinal study; the ‘hybrid’ immune model (infection followed by mRNA
vaccine) showed greater induction of nAbs against ancestral SARS-CoV-2 and BA.1 variant in the nasal mucosa
of participants who had been infected relative to those who had been vaccinated only.

In conclusion, we demonstrated that POCT LFA could detect nAbs from the nasal cavity, allowing surveil-
lance of humoral mucosal immunity at the population level.

Data availability

All data are presented in the manuscript.
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