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SUMMARY

The elicitation of cross-variant neutralizing antibodies against SARS-CoV-2 repre-
sents a major goal for current COVID-19 vaccine strategies. Additionally, natural
infection may also contribute to broaden neutralizing responses. To assess the
contribution of vaccines and natural infection, we cross-sectionally analyzed plasma
neutralization titers of six groups of individuals, organized according to the number
of vaccines they received and their SARS-CoV-2 infection history. Two doses of vac-
cine had a limited capacity to generate cross-neutralizing antibodies against Omi-
cron variants of concern (VOCs) in uninfected individuals, but efficiently synergized
with previous naturalimmunization in convalescent individuals. In contrast, booster
dose had a critical impact on broadening the cross-neutralizing response in unin-
fected individuals, to level similar to hybrid immunity, while still improving cross-
neutralizing responses in convalescent individuals. Omicron breakthrough infec-
tion improved cross-neutralization of Omicron subvariants in non-previously
infected vaccinated individuals. Therefore, ancestral Spike-based immunization,
via infection or vaccination, contributes to broaden SARS-CoV-2 humoral immunity.

INTRODUCTION

One of the main features of the coronavirus disease 2019 (COVID-19) pandemic is the continuous evolution
of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) fueled by the high rate of viral trans-
mission (as illustrated by the > 759 million confirmed cases worldwide to date, World Health Organization
(WHO) COVID-19 Dashboard; https://covid19.who.int/ accessed on March 9t 2023). Over the course of the
pandemic, the WHO has considered five variants of SARS-CoV-2 (Alpha, Beta, Gamma, Delta, and Omi-
cron) as variants of concern (VOCs), but currently four of them have been de-escalated. At the end of
2021, the world saw the rise of the Omicron (B.1.1.529) family of SARS-CoV-2 VOCs." First identified in
Botswana and South Africa,” Omicron BA.1 (B.1.1.529.1) and its derivative BA.1.1 achieved global preva-
lence, like the Delta (B.1.617.2) VOC before it. BA.1 shows low fusogenicity, shifted tropism, reduced path-
ogenicity’ > and roughly 3-fold increased transmissibility compared to Delta.® In addition, Omicron was
shown to evade the action of previously acquired or therapeutic neutralizing antibodies’~'® by adding mu-
tations in the coding region of the Spike glycoprotein, particularly in the receptor binding domain (RBD),
and the N-terminal domain (NTD). In March 2022, a new—incrementally more transmissible'>—Omicron
VOC, BA.2 (B.1.1.529.2) took the lead and became highly prevalent worldwide.'” While considered to be
part of the Omicron lineage and showing similar resistance to neutralization,'” BA.2 carries a different
NTD mutation landscape and several additional mutations in the RBD. ' Finally, since June 2022 the Om-
icron BA.4 (B.1.1.529.4) and mainly the Omicron BA.5 (B.1.1.529.5) replaced BA.2 as the most prevalent
VOCs and—at the time of this writing—are associated with a global increase in infection cases.'” BA.4
and BA.5 share an identical Spike glycoprotein that is close to BA.2 although it contains the 69-70 deletion
described for BA.1, and the RBD mutation L452R previously detected in the Delta VOC.

Remarkably, COVID-19 vaccination campaigns started less than a year after the beginning of the
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effectiveness in preventing infection and reducing disease severity at the individual level was clearly
demonstrated.””?" However, while the effect on fatality rate seemed longer lasting,”” protection against
symptomatic disease started to wane progressively after 3 months®® due to the combination of both a pro-
gressive decrease in the titer of circulating neutralizing antibodies, and the emergence of neutralization
escape variants. Not coincidently, the Omicron waves fueled an unprecedented surge of infection world-
wide with a large number of mostly mild breakthrough infections.?* Interestingly, the administration of a
booster vaccine based on the ancestral Spike, which was initiated concomitantly with rising Omicron cases,
showed a remarkable effect in restoring protection against Omicron, although not to optimal levels and
probably only for a limited time. This was visible in a large efficacy study”” but also through the measure-
ment of neutralizing antibody titers,'%??’
against symptomatic disease.”®* Indeed, booster vaccine doses based on the ancestral variant have
shown a highly positive impact on cross-neutralization of new variants.

which are considered a strong surrogate marker of protection

Immunity against SARS-CoV-2 is also acquired from natural infection. As a considerable percentage of
the global population has already been infected by SARS-CoV-2 at least once especially since the emer-
gence of Omicron variants®* immunity acquired through infection with previously circulating variants
becomes an important parameter to understand and predict the level of protection against currently
circulating ones. Indeed, immune responses induced by natural infection present some advantages
over mRNA vaccines; natural infection was shown to trigger a more sustained B cell evolution leading
over time to more potent and more broadly neutralizing antibodies.”” Better yet, previous infection
can combine with vaccination, in so-called hybrid immunity, to improve responses in vaccinated conva-
lescent individuals.>*>* Hybrid immunity was also observed following breakthrough infection which
improved vaccine induced cross-neutralizing responses.®® Finally, Omicron breakthrough infection was
shown to induce poor cross-neutralizing responses in non-vaccinated individuals but this was improved
with previous vaccination.>”

To measure the impact of booster vaccines and hybrid immunity on the cross-neutralization of VOCs, we
followed a cohort of vaccinated individuals (MRNA vaccine BNT162b2 from Pfizer-BioNTech or mRNA-
1273 Moderna) who received or not an mRNA booster dose and who experienced or not mild infection
before vaccination during the first year of the pandemic. In addition, we analyzed individuals who all
received a booster dose and subsequently experienced breakthrough infection during the Omicron
VOCs onset. We evaluated their neutralizing antibody responses against the ancestral SARS-CoV-2, Delta,
and Omicron BA.1, BA.2, and BA.4/5 variants. Our data suggest that the number of vaccine doses and/or
infection exposures similarly contribute to cross-neutralization activity.

RESULTS

A total of 76 participants were included in this study and organized in é groups (Table 1) according to 3
parameters: status of SARS-CoV-2 infection before all mRNA-based vaccine, status of vaccination (full
schedule only or additional booster) and infection following the booster vaccine. All participants were
vaccinated with mRNA vaccines (BNT162b2 [Pfizer-BioNTech] or mRNA-1273 [Moderna]) and at the time
of sampling, had received either a full vaccine schedule (2 doses with 3-4 weeks interval between first
and second dose) or also an additional booster dose (six months interval from full schedule). Notably, 5
participants, under 55 years of age, who experience SARS-CoV-2 infection before vaccination only received
1 mRNA vaccine dose that was considered a full vaccine schedule by the Spanish health authority. However,
for simplicity, throughout the manuscript, full vaccine schedule is referred to 2 doses vaccination” while
vaccination that included booster are referred to “3 doses vaccination”. Booster vaccine was in large ma-
jority mRNA-1273 (Moderna) including for most participants who had received BNT162b2 (Pfizer-
BioNTech). The rest of the booster was BNT162b2.

Infections before vaccination occurred a median of 277 (IQR = 87-296) days before vaccination (Table 1),
during the first year of the pandemic, between March 2020 and February 2021, which, in Catalonia Spain,
involved mainly ancestral Wuhan-Hu-1 (WH1), B.1, B.1.177, and Alpha (B.1.1.7) variants (Figure STA, http://
covidtag.paseq.org/). Infections after the third vaccine dose happened, from December 2021 to March
2022, when, in Catalonia Spain, Omicron (BA.1 and BA.2) displaced Delta and became largely prevalent
(Figure S1B). Breakthrough Infections occurred a median of 39 (IQR = 24-54) days after last vaccine dose
(Table 1). All samples from boosted individuals were collected around 4 weeks after the latest event (either
vaccination or infection, Table 1). The uninfected status of participants was verified by testing their plasma
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Table 1. Characteristics of individuals included in the analysis

Infection/Vaccine status

—/2/— +/2/— —/3/— +/3/— —/3/+ +/3/+
n=14 n=12 n=19 n=10 n=16 n=>5
Age (years), median [IQR] 45 [28-52] 43 [35-51] 42 [26-48] 37 [24-49] 49 [35-51] 43[38-49]
Sex (% female) 78.6 66.7 73.7 70.0 75.0 100.0
Time between the first plasma sample collection and the indicated event (median days [IQR]):
Last vaccine dose 34 [32-38] 34 [14-46] 34 [31-37] 33[31-41] 90 [60-92] 35 [32-70]
Pre-vaccine infection NA 336 [153-360] NA 588 [459-662] NA 621 [424-677]
Post-vaccine infection NA NA NA NA 35[18-43] 25[13-38]

Time between the second plasma sample collection and the indicated event (median days [IQR]):
Last vaccine dose 183 [177-197] 200 [176-223] 92[91-99] 92[91-104] NA NA
Pre-vaccine infection NA 488 [333-529] NA 697 [502-725] NA NA

Groups are named according to their SARS-CoV-2 infection status prior to infection (+ or -), the number of vaccines received
(2 or 3) and the occurrence of breakthrough infection (+ or -).

sample for the absence of anti-nucleocapsid protein antibodies by ELISA (Figure S1C). No significant dif-
ferences among groups were observed in age or sex (Table 1).

Hybrid immunity is associated with increased and more stable cross-variant neutralization
responses

First, we tested the effect of previous infection in combination with 2 doses of mMRNA vaccines on the
neutralization of WH1, Delta, Omicron BA.1, BA.2, and BA.4/5 variants. In plasma samples collected
from uninfected participants 1 month after second dose of mMRNA vaccine, neutralization titers (50% inhib-
itory dilution, IDsp) were the highest against WH1 (Figures 1B and S2A: geometric mean titer [GMT] = 2319),
decreased, although not significantly, against Delta (GMT = 1000, p = 0.943) and were highly reduced
against Omicron subvariants BA.1 (GMT = 108, p < 0.0001), BA.2 (GMT = 151, p < 0.0001), and BA.4/5
(GMT = 326, p = 0.0053).

By comparison, in vaccinated participants who were previously infected (and therefore experienced 3
immunogenic impacts), neutralization titers, 1 month after second vaccine dose, were similar against
WH1 (Figure 1B: x 1.4, GMT = 3356, p = 0.1759) but significantly increased against Delta (x 5.2, GMT =
5181, p < 0.0001), BA.1 (x 10.4, GMT = 1120, p < 0.0001), BA.2 (x 8.2, GMT = 1236, p < 0.0001), and
BA.4/5 (x 3.2, GMT = 1045, p = 0.0003). While Delta neutralization of previously infected individuals was
above but not significantly different from the ancestral Spike (Figure S2B: Delta = 5181 vs WH1 = 3356,
p > 0.9999), the improved neutralization titers against Omicron subvariants were still about 3-fold reduced
compared to WH1 (BA.1 = 1120, p = 0.0368; BA.2 = 1236, p = 0.0241; BA.4/5 = 1045, p = 0.0008).

VOCs cross-neutralization was also assessed by calculating ratios between each VOC and the correspond-
ing WH1 titers from the same individuals (Figure 1C). This approach gives a measurement of the cross-
neutralization potential using WH1 response as a reference and provides an alternative analysis with
reduced inter-individual variability, which can bias group comparisons when analyzing only raw titers. An
increased ratio value indicates increased cross-neutralization. A ratio superior to 1 indicates a better
neutralization in comparison to WH1, while a ratio inferior to 1 indicates a worsen neutralization compared
to WH1. As suggested by titer comparisons, the cross-neutralization potential against Delta that was infe-
rior in vaccinated-only participant (ratio = 0.43) was increased to an apparent optimal level in previously
infected individuals (ratio = 1.54, p < 0.0001). In the case of Omicron BA.1, BA.2, and BA.4/5, cross-neutral-
ization potential was highly reduced in vaccinated-only participants (fold reduction for BA.1 = 0.05, BA.2 =
0.06, BA.4/5 = 0.14, Figure S2C) and sensibly improved in the previously infected group (fold reduction for
BA.1 =0.33, p = 0.0004; BA.2 = 0.37, p = 0.0004; BA.4/5 = 0.31, p = 0.001) albeit still lagging behind the
response against Delta (Figure 52D). Importantly, in the non-previously infected group, some individuals
showed undetectable neutralization titers against BA.1 (Figure 1B; 64% responders) and BA.2 (86%
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Figure 1. Hybrid immunity is associated with increased and more stable cross-variant neutralization responses
(A) Schematic representation of plasma samples collection from individuals previously infected or not who received 2
doses of MRNA vaccine were tested for neutralization activity against pseudo viruses expressing the WH1, B.1.217.2
(Delta), BA.1, BA.2, and BA.4/5 SARS-CoV-2 Spike proteins. Plasma samples were collected at about 1 or 6 months after
last vaccination.

(B) Raw IDsq (reciprocal dilutions) titers against the indicated variant Spikes. Horizontal bars and numbers indicate IDsg
geometric means (GMT) for each group and error bars indicate 95% confidence intervals. At the bottom are fold changes
for the indicated comparisons. For the comparison between 1- and 6-month plasma samples (intragroup), we applied a
Wilcoxon paired test or a Prentice Z test when undetectable titers were observed. For intergroup comparison we applied
a Mann-Whitney test or a Peto-Peto test when undetectable titers were observed. Significant p values are indicated and
were corrected for multiple comparison (**p < 0.01, ***p < 0.001, ****p < 0.0001). Dashed lines indicate the assay lower
limit of detection (60 reciprocal dilutions). Non-responder rate was defined by undetectable neutralization titers for a
specific variant at an initial serum dilution of 1:60 and are indicated.

(C) Ratio of mVOC IDsq over the indicated WH1 IDs calculated for the groups with plasma samples at 1 month (shown in
1B) after the second vaccine dose. Horizontal bars indicate ratio geometric means for each group and error bars indicate
95% confidence intervals. Bottom numbers indicate the geometric mean of the ratio for each group. Significant p values
are indicated for comparisons between uninfected and previously infected groups (Mann-Whitney test, ***p < 0.001,
****p < 0.0001). Non-responder samples are indicated by an open circle. See also Figure S2.
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responders). Therefore, we also analyzed cross-neutralization ratios after removal of undetectable sam-
ples, confirming the initial results with slightly weaken statistics (Figures S2E and S2F).

To evaluate the stability of these responses at mid-term, the same participants were tested 5 months later
(6 months after second dose). Non-infected participants showed a major decrease in their neutralizing ti-
ters against all variants tested (Figure 1B): while titers against WH1 and Delta were reduced 7.7 times
(p < 0.0001) and 6 times (p = 0.0016) respectively, many participants reached non-detectable levels
(IDsp < 60) against Omicron BA.1, BA.2 and BA.4/5 in our assay. In contrast, previously infected participants
showed a more robust stability of their neutralizing response against all variants (WH1 =/3.5; Delta =/5.3;
BA.1 =/5.6; BA.2 =/3.4; BA.4/5 =/3.5). Temporal changes in ratios between VOC and WH?1 neutralization
could not be calculated after six months due to high number of undetectable measurements. We consid-
ered that a level superior to 25% undetectable samples could bias the results.

Overall, these results indicate that hybrid immunity greatly improves quantitatively and qualitatively the
neutralization capacities against Delta and Omicron. However, neutralization against Omicron variants
was still severely reduced after previous infection and 2 vaccine doses.

Booster shot of mRNA vaccine in non-infected individuals generates hybrid immunity-like
benefits 1 month after last immunization

Next, we evaluated the effect of a third vaccine dose, which was administered with a median of 2.2 (IQR = 8-
10.3) months after the second dose, comparing participants previously infected or not (Figure 2A). In this
analysis, we focused on plasma samples collected with a median of 34 (IQR = 16-40) days after last vaccine
dose and, for comparison, we included data on participants who only received 2 vaccine doses, already
shown in Figure 1.

When comparing neutralization titers at similar time (1 month) after last vaccination, the effect of the third
dose on WH1 neutralization was not statistically different from the 2 doses groups respectively, whether the
participants had been previously infected or not (Figure 2B). The third vaccine dose (booster) did, in fact,
increase WH1 neutralization titers when compared with decayed neutralization response at 6 months post
second dose (2817 vs 303 in Figures 1B and 2B), but it only brought back WH1 neutralization to an apparent
maximal activity already reached after 2 doses. In sharp contrast, third dose vaccine increased protection
against Delta (x 4.2, p <0.0001), BA.1 (x 14.1, p <0.0001), BA.2 (x 4.9, p = 0.0002) and BA.4/5 (x 2, p = 0.0187)
to levels not previously reached in vaccinated-only individuals (Figures 2B and S3A).

Of note, we observed a slightly decreased neutralization against WH1 in previously infected individuals
compared to vaccinate only after booster; however, the difference was not significative and may result
from the limited size of this group. This reduction was not observed against other variants.

When considering raw neutralization titers, previously infected participants who received a third vaccine
dose did not show any significant increase of neutralization activity against any of the variant tested
when compared to previously infected individuals who received only 2 doses of vaccine (Figures 2B and
S3B). However, when considering cross-neutralization ratios (Figures 2C, S3C, and S3D), a trend for a better
response against all VOCs was visible for the previously infected group who received the third vaccine dose
compared to previously infected group who received 2 doses, but did not reach significance except for
BA.1 (+/2/— =0.33 and +/3/— = 0.89, p = 0.04711). Finally, the benefit of previous infection in the context
of boosted vaccination (3 doses) was not visible when considering raw neutralization titers (Figure 2B),
although there was still a trend for a better response quality against Omicron variants when considering
cross-neutralization ratios (Figure 2C), which only reached significance against BA.2 (p = 0.0314) and
BA.4/5 (p = 0.0352).

Of note, the group of individuals, who were previously infected and received booster vaccine, contained 3
individuals who had only received a single vaccine dose as part of the full vaccine schedule. To verify the
impact of these individuals on our results, we re-analyzed both neutralization titers and ratios excluding
them (Figures S3C, S3F, S4A, and S4B). No clear difference was observed although some statistical signif-
icance was lost as a result of group reduction and lower statistical power. We also verified the impact of
BA.1 and BA.2 non-responders on the analysis of the cross-neutralization responses (Figure S3G). Results
were almost identical.
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Figure 2. Booster shot of mMRNA vaccine in non-infected individuals generates hybrid immunity-like benefits

1 month after last immunization

(A) Schematic representation of plasma samples collection from individuals previously infected or not, who received 2 or 3
doses of mMRNA vaccine were tested for neutralization activity against pseudo viruses expressing the WH1, B.1.217.2
(Delta), BA.1, BA.2, and BA.4/5 SARS-CoV-2 Spike proteins. Plasma samples were collected at about 1 month after last
vaccination.

(B) Raw IDsq (reciprocal dilutions) titers against the indicated variant Spikes. Horizontal bars and numbers indicate IDsg
geometric means (GMT) for each group and error bars indicate 95% confidence intervals. At the bottom are fold changes
for the indicated comparisons. Significant p values are indicated for comparisons between all groups (Kruskal-Wallis test
with two-stage step-up multiple comparison, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Dashed lines indicate the
assay lower limit of detection (60 reciprocal dilutions). Non-responder rate was defined by undetectable neutralization
titers for a specific variant at an initial serum dilution of 1:60 and are indicated. Participants (3 from the +/3/— group) who
only received 1 dose as part of the full vaccine schedule are indicated in blue.

(C) Ratio of WH1 IDsq over the indicated VOC IDsq calculated for the groups with plasma samples at 1 month (shown in
2A) after last vaccine dose. Horizontal bars indicate ratio geometric means for each group and error bars indicate 95%
confidence intervals. Bottom numbers indicate fold reduction compared to WH1. Significant p values are indicated for
comparisons between all groups (Kruskal-Wallis test with two-stage step-up multiple comparison, *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001). Non-responder samples are indicated by an open circle. Participants (3 from
the +/3/— group) who only received 1 dose as part of the full vaccine schedule are indicated in blue. See also
Figures S3 and S4.
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Finally, we performed a follow up on these individuals at around 3 months after booster vaccine (Fig-
ure S4C). Neutralization titers showed an encouraging limited decay for all variants. Additionally, we could
observe a trend for an improved stability in previously infected individuals; however, it did not reach
significance.

Alltogether these results indicate that hybrid immunity conferred by previous infection provides clear ben-
efits increasing protection against Delta and Omicron variants, but third vaccine dose could provide non-
infected participants with a level of protection similar to previously infected individuals.

Omicron breakthrough infection specifically increases neutralization activity against Omicron.

Finally, we tested the effect of breakthrough infection in boosted individuals previously infected or not (Fig-
ure 3A). All breakthrough infections happened between December 2021 and March 2022 and probably
include mostly Omicron BA.1 and BA.2 infections (Figure S1B). Plasma samples were collected with a me-
dian of 35 days (IQR = 18-43) after last infection in the case of participants only infected after the third dose
(Table 1) and 25 days (IQR = 13-38) in the case of individuals infected before and after full vaccination. We
included for comparison the groups of participants, who received 3 vaccine doses but did not undergo
breakthrough infection, already shown Figure 2.

Omicron breakthrough infection had no effect on neither WH1 nor Delta neutralization titers, whether par-
ticipants were or not previously infected (Figures 3B, S5A, and S5B). Delta cross-neutralization ratio did not
change, either, compared to other 3 vaccine dose groups (Figures 3C, S5D, and S5E). The absence of
increased neutralization against WH1 and Delta suggests that recent breakthrough infection had limited
cross-variant immunity toward these variants because of a more pronounced antigenic disparity between
pre-Omicron and Omicron variants. Alternatively, as the participants had received a booster vaccine soon
before breakthrough infection (median of 45 days in between), it is possible that neutralization responses
against WH1 and Delta were still at a peak after vaccine. BA.1, BA.2, and BA4/5 raw neutralization titers all
showed trends of improvement following breakthrough infection in non-previously infected participants
(Figure 3B) but statistical significance was only met for BA.1 (x 2.3, p = 0.0095). When looking at
cross-neutralization ratios (Figure 3C), BA.1, BA.2, and BA.4/5 all showed significant improvement when
comparing the breakthrough infection groups (—/3/+ and +/3/+) to the 3 doses uninfected group
(—/3/—-) but not the 3 doses previously infected group (+/3/-).

Of note, the group of individuals who experienced 2 infections (+/3/+) included 2 individuals who received
asingle dose as part of the full vaccine schedule. To verify theirimpact on the overall results, we re-analyzed
both titers and ratios excluding them (Figures S5C, S5F, S6A, and S6B). Titers and ratios were both
increased as a result but statistical analyses were hampered by the group reduction.

Taken together these results show that BA.1/BA.2 breakthrough infection contributed to improve cross-
neutralization against all Omicron variants but not Delta. This effect was more evident when analyzing par-
ticipants who did not experience previous infection with pre-Omicron variants.

DISCUSSION

We face a seemingly relentless race between COVID-19 vaccinations and viral evolution, giving rise to more
transmissible and immunity-escaping variants, leading to successive COVID-19 waves. As more and more
vaccinated people experience SARS-CoV-2 breakthrough infection, especially since the onset of the Delta
and Omicron variants,”*'% individual and global levels of protection get redefined. In line with previous re-
ports,*** we show that hybrid immunity, based on previous infection with non-Omicron variants, increased
protection against SARS-CoV-2 VOCs following 2 doses vaccine. Importantly, these benefits were
observed against all Omicron variants although, the levels of protection obtained were still reduced about
3-folds compared to the ancestral variant. Interestingly, after booster vaccine, hybrid immunity still showed
a trend for improving cross-neutralization: This was visible against all the VOCs tested including significa-
tive difference against BA.2 and BA.4/5. The waning neutralizing responses following mRNA vaccine is a
major concern.”’™** We observed an improved stability of neutralization titers at mid-term associated
with previous infection status following 2 doses vaccination. Additionally, following booster vaccine, titers
showed an encouraging limited decay.
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Figure 3. Omicron breakthrough infection specifically increases neutralization activity against Omicron

(A) Schematic representation of plasma samples collected from individuals previously infected or not, who received 3
doses of mMRNA vaccine and were affected or not by Omicron breakthrough infection were tested for neutralization
activity against pseudo viruses expressing the WH1, B.1.217.2 (Delta), BA.1, BA.2, and BA.4/5 SARS-CoV-2 Spike proteins.
Plasma samples were collected at about 1 month after last vaccination or 1 month after breakthrough infection if the latter
happened.

(B) Raw IDsq (reciprocal dilutions) titers against the indicated variant Spikes. Horizontal bars and numbers indicate IDsg
geometric means (GMT) for each group and error bars indicate 95% confidence intervals. At the bottom are fold changes
for the indicated comparisons. Significant p values are indicated for comparisons between all groups (Kruskal-Wallis test
with two-stage step-up multiple comparison, *p < 0.05). Dashed lines indicate the assay lower limit of detection (60
reciprocal dilutions). Responder rates were all 100% (IDso > 60). Participants (3 of the +/3/— group and 2 of the +/3/+
group) who only received 1 dose as part of the full vaccine schedule are indicated in blue.

(C) Ratio of WH1 IDsg over the indicated VOC IDsg calculated for the groups with plasma samples at 1 month (shown in 3A)
after last event (infection or vaccination). Horizontal bars indicate ratio geometric means for each group and error bars
indicate 95% confidence intervals. Bottom numbers indicate fold reduction compared to WH1. Significant p values are
indicated for comparisons between all groups (Kruskal-Wallis test with two-stage step-up multiple comparison, *p < 0.05,
**p < 0.01). Participants (3 of the +/3/— group and 2 of the +/3/+ group) who only received 1 dose as part of the full
vaccine schedule are indicated in blue. See also Figures S5 and Sé.

We evaluated the effect of Omicron BA.1 and BA.2 breakthrough infection on neutralization titers. While a
modest but significant increase of BA.1 neutralizing titer was detected, most of the qualitative benefits
observed after Omicron breakthrough infection on cross-neutralization ratios in uninfected individuals
were comparable to the values observed in individuals previously infected with non-Omicron variants. In
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addition to the strong antigenic differences between Omicron and ancestral variants (particularly in the
RBD), this apparent low impact of Omicron breakthrough infections could be explained by intrinsic viral
factors of this VOC (tropism, fusogenicity)>* or by the time interval and order of antigenic exposures.
Certainly, pre-vaccination infections were separated by a median of 277 days from vaccination, while
only a median of 39 days separated booster vaccination and breakthrough infection. Timing between infec-
tion and vaccination seems to be a major determinant on the extent of boosting of humoral responses with
shorter time intervals resulting in lower suboptimal boost."*

Finally, in line with other studies, 2033454 e saw a remarkable effect of booster vaccines in improving
neutralization titers against Omicron VOCs to similar levels as the ones obtained with hybrid immunity.
These and others’ results suggest that the number of antigenic exposures is a critical parameter for the
improvement of cross-neutralizing responses. Indeed, it has been shown that booster mRNA vaccines
can mobilize additional memory B cells, including Omicron specific B cells.”’**® In addition, recent studies
now propose that the generation of more broadly neutralizing antibodies, following immunization with
ancestral Spike, requires multiple and sequential antigenic exposures to achieve the activation, differenti-

ation, and expansion of subdominant memory B cells.*”>°

Our data indicate that the benefits of Omicron over non-Omicron-based hybrid immunity on the neutral-
ization Omicron VOCs was marginal. The scientific community and the pharmaceutical industry have devel-
oped second-generation COVID-19 vaccines that can boost acquired immunity more specifically against
new variants and reduce their transmission.”’ > A recent study not yet peer-reviewed predicts a limited
added benefits of new Omicron specific COVID-19 mRNA vaccines.”® These data suggest that for the
time being ancestral Spike-based immunization remains a valuable strategy to improve and maintain pro-
tection against SARS-CoV-2 and limit transmission globally since the number of immunological exposures
to the Spike, rather than the specific sequence, seems to be a major determinant of VOC cross-neutraliza-
tion of humoral immune response.

Limitations of the study

The present work is limited mainly by the number of individuals included in each group, and the lack of par-
allel data on CD4" and CD8" T cells. In addition, there are many variables that have been detailed but not
analyzed due to the complexity and limited power of the analyses, including the time elapsed between pre-
vious infections and vaccination and between the third dose and breakthrough infection, that could influ-
ence on the neutralizing response in the short, mid, and/or long term.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Peroxidase AffiniPure F(ab'):Fragment Goat
Anti-Human IgG, Fcy Fragment Specific

Anti-6x-His clone HIS.H8

Jackson ImmunoResearch

Thermo Fisher Scientific

Cat# 109-036-098; RRID: AB_2337596

Cat#MA1-21315; RRID: AB_557403

Bacterial and Virus Strains

pNL4-3.Luc.R-.E-
SARS-CoV-2.SctA19
pcDNA3.1(+)

NIH ARP
This paper
GeneArt/Thermo Fisher Scientific

Cat#3418
N/A
Cat#810330DE

pVSV-G Clontech Séanchez-Palomino et al.”’
Biological Samples

Pre-pandemic Plasma Samples This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Fetal Bovine Serum Thermo Fisher Scientific Cat#10270106
Dulbecco’s Modified Eagle Medium Thermo Fisher Scientific Cat#41966052
Expi293 Expression Medium Thermo Fisher Scientific Cat#A1435102
Opti-MEM | Reduced Serum Medium Thermo Fisher Scientific Cat#31985070
ExpiFectamine 293 Transfection Kit Thermo Fisher Scientific Cat#A14524
Versene Thermo Fisher Scientific Cat#15040033
Puromycin Thermo Fisher Scientific Cat#A1113803
DEAE-Dextran Sigma-Aldrich Cat#D9885-100G
BriteLite Plus Luciferase PerkinElmer Cat#6066769

SARS-CoV-2 (2019-nCoV) Nucleocapsid-His

Recombinant Protein
MACS BSA Solution
Phosphate Buffered Saline

Phosphate-Citrate Buffer with
Sodium Perborate

o-Phenylenediamine Dihydrochloride

H2504

Sino Biological Inc

Miltenyi Biotec
Thermo Fisher Scientific

Merck Life Science SLU

Merck Life Science SLU
Sigma-Aldrich

Cat# 40588-V08B

Cat# 130-091-376
Cat# 10010015
Cat# P4922-50CAP

Cat# P8787-100TAB
Cat# 258105-1L-PC

Deposited Data

Group Geo Means and Raw

Neutralization Titers

https://data.mendeley.com/

https://doi.org/10.17632/3572bvtgsb.1

Experimental Models: Cell Lines

Expi293F GnTlI- cells
HEK293T/hACE2 cells
Software and Algorithms
GraphPad Prism v9.3.1

Rv3.6.3

Thermo Fisher Scientific

Integral Molecular

GraphPad Software

R Foundation for Statistical Computing

Cat#A39240
Cat#C-HA101

https://www.graphpad.com/

scientific-software/prism/

https://www.r-project.org/

Other

GeneArt Gene Synthesis

Thermo Fisher Scientific

N/A
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Benjamin Trinité (btrinite@irsicaixa.es).

Material availability

The plasmids pcDNA3.1 SARS-CoV-2.SctA19 of each variant described in this work are available upon
request to the lead contact.

Data and code availability

® De-identified human neutralization data have been deposited at Mendeley Data and are publicly avail-
able as of the date of publication. DOIs are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study overview and subjects

This work includes plasma samples from participants of 2 different cohorts: the KING cohort extension and
the KING VAX study. Both studies were approved by the Hospital Ethics Committee Board from Hospital
Universitari Germans Trias i Pujol (HUGTIP, PI-20-217 and PI-21-351). This is an observational cohort; no
blinding or randomization was applied. All participants provided written informed consent. Both unin-
fected and infected individuals were included in both studies. Infected ones had a documented positive
RT-gPCR result from nasopharyngeal swab, positive antigen test and/or a positive serological diagnostic
test. Plasma samples from Uninfected individuals were negative for SARS-CoV-2 specific Nucleocapside
antibodies (Figure S1C). At the time of sampling, all participants had received either complete vaccine
schedule (2 doses or 1 dose in case of previously infected individuals < 55 years) or booster dose of
mRNA vaccines BNT162b2 (Pfizer-BioNTech) and or mRNA-1273 (Moderna). Samples in this study were
collected between February 2021 and March 2022, about one month after complete vaccine schedule or
booster vaccines or about one month after breakthrough infection. Participants were recruited irrespective
of age and all the infected groups included only mild disease cases. Information on sex and age is available
in Table 1.

Cell lines

HEK293T cells (presumably of female origin) overexpressing wild type (WT) human ACE-2 (Integral Molec-
ular, USA) were used as target in pseudovirus-based neutralization assay. Cells were maintained in T75
flasks with Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
and 1 pg/ml of Puromycin (Thermo Fisher Scientific, USA).

Expi293F cells (presumably of female origin, Thermo Fisher Scientific) are a HEK293 cell adapted for sus-
pension culture that were used for SARS-CoV-2 pseudovirus production. Cells were maintained in
Expi293 expression medium (Thermo Fisher Scientific) under continuous shaking at 125 rpm in Erlenmeyer
flasks following manufacturer’s guidelines.

METHOD DETAILS

Pseudovirus generation and neutralization assay

HIV reporter pseudo viruses expressing SARS-CoV-2 S protein and Luciferase were generated.
pNL4-3.Luc.R-.E- was obtained from the National Institut of Health (NIH) acquired immune deficiency syn-
drome (AIDS) Reagent Program.”® SARS-CoV-2.SctA19 was generated (GeneArt) from the full protein
sequence of the original WH1 SARS-CoV-2 Spike (Genbank: MN908947.3) with a deletion of the last 19
amino acids in C-terminal®®, human-codon optimized and inserted into pcDNA3‘1(+).58 A similar proced-
ure was followed to generate expression plasmids for the Delta, BA.1, BA.2 and BA.4/5 variants of SARS-
CoV-2 S protein according to consensus data (www.outbreak.info/) (see Figure STA for a detail of the mu-
tations). Expi293F cells were transfected with pNL4-3.Luc.R-.E- and the different SARS-CoV-2.SctA19 Spike
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plasmids using ExpiFectamine 293 Reagent (Thermo Fisher Scientific). Control pseudo viruses were ob-
tained by replacing the S protein expression plasmid with a VSV-G protein expression plasmid as re-
portecl.57 Supernatants were harvested 48 hours after transfection, filtered at 0.45 um, frozen, and titrated
on HEK293T cells overexpressing WT human ACE-2 (Integral Molecular, USA).

Neutralization assays were performed in duplicate as previously described.”” Briefly, in Nunc 96-well cell
culture plates (Thermo Fisher Scientific), 200 TCID50 of pseudovirus were preincubated with three-fold se-
rial dilutions (1/60-1/14,580) of heat-inactivated (incubated at 56°C for 30 minutes) plasma samples for 1
hour at 37°C. Then, 1x10" HEK293T/hACE2 cells treated with DEAE-Dextran (Sigma-Aldrich) were added.
Results were read after 48 hours using the EnSight Multimode Plate Reader and BriteLite Plus Luciferase
reagent (PerkinElmer, USA). The values were normalized, and the ID50 (reciprocal dilution inhibiting 50%
of the infection) was calculated by plotting and fitting all duplicate neutralization values and the log of
plasma samples dilution to a 4-parameters equation in Prism 9.0.2 (GraphPad Software, USA). This assay
has been previously validated with a replicative viral inhibition assay.”

ELISA

Confirmation of SARS-CoV-2 serostatus was performed by evaluating anti-N protein IgG responses.
Nunc MaxiSorp plates were coated with 50 plL of anti-6x-His antibody clone HIS.H8 (2 pg/mL, Thermo Fisher
Scientific) in PBS overnight at 4°C. After washing, plates were blocked with 1% BSA in PBS (Miltenyi Biotec,
Germany) for two hours at room temperature. Whole nucleocapsid protein (NP, Sino Biological, Germany)
were added at 1 pg/mL concentration (50 pL/well) and incubated overnight at 4°C. Plasma samples were
heat-inactivated before use (56°C for 30 minutes) and analyzed in duplicate in antigen-coated and antigen-
free wells in the same plate. A positive plasma sample and a pool of pre-pandemic plasmas from healthy
controls was used as positive and negative controls, respectively. Standards, negative control, and plasma
samples were diluted (1/100) in blocking buffer and were incubated (50 pL/well) for one hour at room tem-
perature. The HRP-conjugated (Fab)2 goat anti-human IgG (Fc specific, Jackson ImmunoResearch, UK) was
then incubated for 30 minutes at room temperature. Plates were revealed with o-Phenylenediamine dihy-
drochloride (Sigma-Aldrich, USA) and reaction was stopped using 4N of H,SO4 (Sigma-Aldrich). Optical
density (OD) at 492 nm with noise correction at 620 nm were used to calculate specific signal for each an-
tigen after subtracting the antigen-free well signal for each sample.

61

QUANTIFICATION AND STATISTICAL ANALYSIS

For cohort analyses (Table 1), continuous variables were described using medians and the interquartile
range (IQR, defined by the 25" and 75" percentiles), whereas categorical factors were reported as percent-
ages over available data. Values of n are indicated in Table 1.

Neutralization titers and ratios were shown as geometric means. The Friedman test with Dunn’s multiple
comparison was used to compare neutralization of different pseudo viruses (paired comparison). A Wil-
coxon paired test or a Prentice Z test (when undetectable titers were observed) were used for longitudinal
comparisons. The Mann-Whitney or Kruskal-Wallis test with Dunn’s multiple comparison were used to
compare neutralization titers and ratio when comparing 2 groups or multiple groups, respectively. A
Peto-Peto test was used when undetectable titers were observed. Comparison involving multiple tests
were corrected by false discovery rate. In all analyses, statistical significance was indicated on graphs as
follows: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. Analyses were performed using
R-3.6.3 (R Foundation for Statistical Computing) and Prism 9.4.1 (GraphPad Software).
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