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A B S T R A C T   

The identification of the SARS-CoV-2 Omicron variants BA.4/BA.5, BF.7 and BQ.1.1 immediately raised concerns regarding the efficacy of currently used monoclonal 
antibody therapies. Here we examined the activity of monoclonal antibody therapies and antiviral drugs against clinical specimens for SARS-CoV-2 Omicron BA.4/ 
BA.5, BF.7 and BQ.1.1 employing an immunofluorescence neutralization assay. Further we explored treatment of BA.4/BA.5 infections with efficient antiviral drugs 
and monoclonal antibodies in a 3D model of primary human bronchial epithelial cells. We found that the antiviral drugs Molnupiravir, Nirmatrelvir and Remdesivir 
efficiently inhibit BA.4/BA.5, BF.7 and BQ.1.1 replication. In contrast, only the monoclonal antibody Cilgavimab exerted an inhibitory effect, while Tixagevimab, 
Regdanvimab and Sotrovimab lost their efficacy against BA.4/BA.5. We found that only the prophylactic treatment with Cilgavimab impacted on tissue inflammation 
by reducing intracellular complement component 3 (C3) activation following BA.4/BA.5 infection in primary human airway epithelial grown in air-liquid-interphase, 
which was not the case when using antiviral drugs or Cilgavimab after establishment of infection. Of note, all tested monoclonal antibodies had no neutralizing 
activity during infection by BF.7 and BQ.1.1 variants. Our results suggest that despite a marked reduction of viral replication, potent antiviral drugs fail to reduce 
tissue levels of inflammatory compounds such as C3, which can still result in tissue destruction.   

In January 2022, the two recent Omicron lineages, BA.4 and BA.5 
(BA.4/BA.5), appeared in South Africa and rapidly replaced BA.2 
(Tegally et al., 2022). Due to better transmissibility relative to BA.2, 
Omicron BA.4/BA.5 caused a new COVID-19 wave in Europe in early 
summer 2022 (Tegally et al., 2022). Omicron BA.4/BA.5 have identical 
Spike (S) sequences and contain additional mutations in the receptor 
binding domain (RBD) (Tegally et al., 2022). Novel subvariants defined 
as SARS-CoV-2 Omicron BF.7 (BF.7) and Omicron BQ.1.1 (BQ.1.1) 
emerged later in 2022. Several monoclonal antibodies (mAbs) in clinical 
use target the RBD and, therefore, mutations in that specific region 
resulted in reduced binding affinity of available mAbs against those 
recent Omicron variants. Previous studies have shown that SARS-CoV-2 
variants exert a minor effect on efficacy of antiviral drugs, while there 
were huge differences regarding the neutralization capacity of mAbs 
against Omicron variants (Bojkova et al., 2022). Therefore, we investi-
gated the therapeutic potential of different licensed antiviral drugs as 

well as the effectiveness of several mAbs in clinical use against these new 
SARS-CoV-2 variants. For the early treatment of mild to moderate in-
fections in patients at risk as well as for a severe course of the infection, 
the mAbs Regdanvimab (Regkirona; CT-P59) and Sotrovimab (Xevudy; 
S309) are in clinical use. Prophylaxis and treatment of mild to moderate 
infection in subjects with high risk for severe COVID-19, the antibody 
combination of Cilgavimab and Tixagevimab (Evusheld) has been 
approved for clinical use. The antiviral drugs Molnupiravir and 
Remdesivir are both inhibitors of the RNA-dependent RNA polymerase 
of SARS-CoV-2 (Takashita et al., 2022). Molnupiravir is metabolized 
into the active compound EIDD-1931, which causes excessive mutations 
in newly synthesized viral genomes (Bojkova et al., 2022). The combi-
nation of Nirmatrelvir, which inhibits the main viral protease, and Ri-
tonavir, which reduces the CYP3A mediated degradation of 
Nirmatrelvir, is known as Paxlovid. All these small-molecule antiviral 
drugs are used for the early treatment of mild to moderate infections in 

* Corresponding author. Medical University of Innsbruck, Institute of Hygiene and Medical Microbiology, Schöpfstrasse 41/R311, 6020, Innsbruck, Austria. 
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patients with an increased risk of the disease becoming severe. 
In this efficiency evaluation study, clinical specimen for SARS-CoV-2 

Omicron BA.4/BA.5, BF.7 and BQ.1.1 from COVID-19 positive swabs, 
sequenced by the Austrian Agency for Health and Food Safety, Vienna, 
Austria (Ethics statement, ECS1166/2020), were propagated and sub-
sequently used in neutralization and infection experiments. For immu-
nofluorescence neutralization assays, VeroE6-TMPRSS2-ACE2 cells 
were inoculated with SARS-CoV-2 BA.4/BA.5, BF.7 and BQ.1.1 in 
absence or presence of serial dilutions of antiviral drugs Molnupiravir/ 
EIDD-1931, Nirmatrelvir or Remdesivir (Fig. 1A, 2A&C). Moreover, 
cells were treated with Sotrovimab, Regdanvimab, Cilgavimab, Tix-
agevimab or Cilgavimab/Tixagevimab (Figs. 1G and 2B&D). SARS-CoV- 

2 infection was evaluated using an anti-SARS-CoV-2-N-mAb and image 
analysis performed on Operetta CLS™ (PerkinElmer). For detailed 
analysis primary human airway epithelial (HAE) cells grown in air- 
liquid-interphase (ALI) for 30 days were treated from the basolateral 
side using Cilgavimab/Tixagevimab (50 μg/ml) or Cilgavimab (25 μg/ 
ml) 6h prior apical BA.4/BA.5 infection, previously described in (Dichtl 
et al., 2022). In addition, 50 μg/ml Cilgavimab/Tixagevimab, 25 μg/ml 
Cilgavimab, 1 μM Nirmatrelvir +0.7 μM Ritonavir (Paxlovid), 10 μM 
EIDD-1931 or 10 μM Remdesivir were added to the basolateral side 6h 
after infection. The doses of the mAbs and antiviral drugs used in this 
study, were previously reported as effective concentrations (Kim et al., 
2021). 

Fig. 1. Neutralization curves of antiviral SARS-CoV-2 
drugs EIDD-1931, Remdesivir and Nirmatrelvir 
against SARS-CoV-2 Omicron BA.4/BA.5 variant with 
corresponding half-maximal inhibitory concentration 
(IC50) are demonstrated (A). After 72h of infection, 
TEER (B) and viral RNA (C) was measured from un-
infected (UI) and BA.4/BA.5-infected HAE ± Nirma-
trelvir + Ritonavir (Nir.+Rit.), EIDD-1931 (EIDD) and 
Remdesivir (Rem). Plaque assays of supernatants 
from BA.4/BA.5-infected cultures ± drugs were per-
formed on Vero-TMPRSS2-ACE2 cells (D). Analysis of 
inhibition of SARS-CoV-2 signal of NHBE cells was 
analyzed by immunofluorescence (E). Representative 
pictures of XYZ stacks are shown (F). Scale bars 
represent 50 μm and 10 μm as indicated. Neutraliza-
tion curves of injectable SARS-CoV-2 monoclonal 
antibodies Cilgavimab (Cil.), CIlgavimab/Tix-
agevimab (Cil./Tixa.), Sotrovimab, Tixagevimab and 
Regdanvimab against SARS-CoV-2 Omicron BA.4/ 
BA.5 variant with corresponding IC50 are demon-
strated (G). TEER (H) and viral RNA (I) was measured 
from UI and BA.4/BA.5-infected HAE ± antibodies. 
Cilgavimab/Tixagevimab (BA.4/5 + Cil./Tixa.) or 
Cilgavimab alone (BA.4/5 +Cil.) was added to BA.4/ 
BA.5-infected cells after 6h of infection or Cil-
gavimab/Tixagevimab (Cil./Tixa. + BA.4/5) or Cil-
gavimab alone (Cil. + BA.4/5) was added 6h before 
infection as prophylaxis. Plaque assays of superna-
tants from BA.4/BA.5-infected cultures ± drugs were 
performed (J). Analysis of inhibition of SARS-CoV-2 
signal and C3 signal of NHBE cells was analyzed by 
immunofluorescence (K). The dashed line in the C3 
figure demonstrates the background signal of UI 
samples. At least three experiments were performed. 
Statistically significant differences were determined 
by one-way ANOVA with Tukey correction. All values 
are means ± SEM; **P < 0.01; ***P < 0.001; ****P 
< 0.0001.   

S. Dichtl et al.                                                                                                                                                                                                                                   



Antiviral Research 213 (2023) 105581

3

Cells were analyzed using TEER (transepithelial-electrical-resis-
tance), PCR, plaque assay and immunofluorescence for SARS-CoV-2 and 
C3 expression signal on 3 days post infection (3dpi). 

We examined the efficiency of a single dose of antiviral drugs and 
mAbs toward clinical isolates of BA.4/BA.5, BF.7 and BQ.1.1 in 
immunofluorescence-based neutralization assay using Vero cells. Addi-
tionally, we analyzed their effects in a BA.4/BA.5-infected 3D tissue 
model consisting of primary normal HAE-cells. ALI cultures of primary 
HAE-cells display a highly differentiated, pseudostratified, mucus- 
producing, ciliated respiratory tissue model (Posch et al., 2021). For 
all experiments primary normal HAE-cells from an early passage (pas-
sage 2) were used, which reduces donor specific differences and in-
creases the reliability of the data (Rayner et al., 2019). First, the viral 
neutralization activity of three approved antiviral drugs, Molnupiravir 
(EIDD-1931), Remdesivir and Nirmatrelvir demonstrated effective 
reduction of Omicron BA.4/BA.5 virus replication (Fig. 1A). The 
immunofluorescence-based neutralization assay also showed that all 
three antiviral drugs are effective against the novel Omicron subvariants 
BF.7 and BQ.1.1 (Fig. 2A&C). Nevertheless, we observed that the IC50 
values of all tested antiviral drugs were higher for BQ.1.1 compared to 
BA.4/BA.5 or BF.7. An effectiveness to neutralize BA.4/BA.5 was not 
observed for most of the mAbs, here only Cilgavimab exerted an 
inhibitory effect (Fig. 1G). Tixagevimab and Regdanvimab showed no 
inhibitory effect against BA.4/BA.5 at all, while Sotrovimab illustrated a 
drastically reduced IC50 of 1.8 μg/ml against BA.4/BA.5 (Fig. 1G). All 
tested mAbs were not able to efficiently neutralize BF.7 nor BQ.1.1 
(Fig. 2B&D). Neutralization assays were performed in Vero cells that 
significantly differ from human primary airway cells, which might affect 
receptor binding affinity and cellular entry of viruses (Bailey and Dia-
mond, 2021). Therefore, we next tested all drugs/mAbs, which showed 
efficacy in the neutralization assays, in primary BA.4/BA.5-infected 
HAE cells organized in air-liquid-interphase tissue model. All drugs 
and components were added 6h post infection, while Cilgavimab alone 
or in combination with Tixagevimab (Cilgavimab ± Tixagevimab) was 
also used as prophylaxis (6h prior infection). TEER values, virus quan-
tification, and infectivity assays, analyzed by plaque assay and immu-
nofluorescence SARS-CoV-2 signal as previously shown (Dichtl et al., 
2022), indicated that therapeutic treatment with all antiviral drugs 
(Fig. 1B–F) and prophylactic and therapeutic Cilgavimab-treatment 
(Fig. 1F, H-K) are effective against BA.4/BA.5. Moreover, prophylactic 
Cilgavimab-treatment not only blocked BA.4/BA.5 infection, but was 
able to decrease complement C3 activation following infection, which 
was evaluated and quantified via immunofluorescence (Fig. 1F&K). This 
is of interest, since increased intracellular C3 expression, resulting in 
elevated secreted C3a levels, was also demonstrated in 
SARS-CoV-2-infected HAE-cells from various donors (Posch et al., 

2021). Furthermore, C3 was previously shown to be one of the strongest 
induced genes in SARS-CoV-2 infections and associated with a highly 
inflammatory microenvironment, causing severe tissue damage (Posch 
et al., 2021; Yan et al., 2021). Increased inflammation, detected by e.g. 
higher TNFα, IL10 and IL6 levels, is associated with the severity of 
SARS-CoV-2 infections (Dichtl et al., 2022; Guo et al., 2021; Huang 
et al., 2020). Thus, intracellular C3 activation in lung epithelial cells 
represents a novel biomarker for inflammatory tissue damage. 

By using HAE-cells in ALI cultures, we could confirm our findings of 
the neutralization assay, as the results show that the tested antiviral 
drugs and the mAb Cilgavimab are effective against BA.4/BA.5 infec-
tion. In addition, we further investigated the differences in complement 
activation between treatment and prophylactic use of Cilgavimab, 
which was not observed with antiviral drugs. Due to the inefficacy of 
mABs to neutralize BF.7 or BQ.1.1, these subvariants were only included 
in an immunofluorescence-based neutralization assay. 

Here, we illustrate that the tested antiviral drugs are able to inhibit 
BA.4/BA.5, BF.7 and BQ.1.1 multiplication, although Molnupiravir 
(EIDD-1931) and Remdesivir are more effective to treat BA.4/BA.5 in-
fections compared to Nirmatrelvir. For the newly described Omicron 
subvariants BF.7 and BQ.1.1, the neutralization assays indicate that 
Nirmatrelvir and Remdesivir are more efficient compared to Molnupir-
avir. From the group of mAbs, Cilgavimab prophylaxis rather than 
treatment demonstrated higher inhibitory potential toward BA.4/BA.5 
replication. Of note, only Cilgavimab when given as a prophylaxis prior 
to infection with BA.4/BA.5 reduced the inflammatory response indi-
cated by the decreased C3 expression. Thus, only the prophylactic use of 
Cilgavimab protected from a highly inflammatory infection side during 
SARS-CoV-2 BA.4/BA.5 infections and an associated serious tissue 
damage, while all studied mAbs are ineffective to neutralize BF.7 and 
BQ.1.1 infections. 

Although we used effective concentrations of the mAbs and antiviral 
drugs (Kim et al., 2021), possible limitations of our study could be the 
use of one HAE donor as well as single concentrations for all tested 
drugs. However, we and others could previously demonstrate enhanced 
intracellular C3 expression upon SARS-CoV-2 infection and that early 
passages of HAE cells reduce donor-specific variations (Dichtl et al., 
2022; Posch et al., 2021; Rayner et al., 2019). 

Overall, our data show that despite a significant reduction of viral 
replication in BA.4/BA.5-infected HAE-cells, potent antiviral drugs or 
mAbs fail to reduce tissue levels of inflammatory compounds such as C3, 
which can still result in tissue destruction. Thus, it would be interesting 
to investigate, if inhibitors of anaphylotoxin receptors in addition to 
antiviral drugs could improve cell integrity, prevent tissue damage and 
pathologic inflammation in SARS-CoV-2 infection (Posch et al., 2021). 
In addition, the use of the combination of Cilgavimab/Tixagevimab 

Fig. 2. Neutralization curves of antiviral SARS-CoV-2 
drugs EIDD-1931, Remdesivir and Nirmatrelvir (A) 
and monoclonal antibodies Cilgavimab, CIlgavimab/ 
Tixagevimab (Cil./Tixa.), Sotrovimab, Tixagevimab 
and Regdanvimab (B) against SARS-CoV-2 Omicron 
BF.7 variant with corresponding half-maximal inhib-
itory concentration (IC50) are demonstrated. 
Neutralization curves of antiviral SARS-CoV-2 drugs 
EIDD-1931, Remdesivir and Nirmatrelvir (C) and 
monoclonal antibodies Cilgavimab, CIlgavimab/Tix-
agevimab (Cil./Tixa.), Sotrovimab, Tixagevimab and 
Regdanvimab (D) against SARS-CoV-2 Omicron 
BQ.1.1 variant with corresponding half-maximal 
inhibitory concentration (IC50) are shown. At least 
three experiments were performed. All values are 
means ± SEM.   
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should be critically reviewed and replaced with Cilgavimab mono-
therapy in high-risk patients infected with BA.4/BA.5 infection, since 
Tixagevimab is not effective in this setting. 
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