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A  b  s  t  r  a  c  t   
 
Background: Vaccination against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has pro- 
ven to be a successful strategy for prevent  severe infections. CoronaVac and BNT162b2 are  the most used 
vaccines worldwide, but their use in  heterologous vaccination schedules is still subjected to evaluation. 
Methods: Fifty  healthy individuals who received heterologous prime-boost vaccination with CoronaVac 
and BNT162b2 were enrolled in a post-vaccination serological follow-up longitudinal prospective study. 
We  evaluated specific serum anti-receptor binding domain (RBD) IgG antibody levels, and their capacity 
to block RBD-ACE2 interaction with a surrogate neutralization assay. In 20 participants, we  assessed anti- 
body binding kinetics by  surface plasmon resonance, and Fc-mediated functions by  ADCC and ADCP 
reporter assays. 
Results: Our  baseline seronegative cohort, displayed seroconversion after two doses of CoronaVac and an 
important decrease in  serum  anti-RBD IgG  antibodies  levels 80  days post-second  dose. These levels 
increased significantly early after the third dose with BNT162b2, but 73  days after the booster we  found 
a new fall.  Immunoglobulin functionalities showed a similar behavior. 
Conclusions: The  heterologous  prime-boost  vaccination with  CoronaVac and BNT162b2 generated an 
impressive increase in  serum anti-RBD specific antibody  levels followed by  a drop. Nevertheless, these 
titers remained well above those found in  individuals only vaccinated with  CoronaVac in  the same 
elapsed time. Serum IgG levels showed high correlation with antibody binding analysis, their capacity 
to block RBD-ACE2  interaction, and Fc-effectors mechanisms. Our   work sheds light on  the humoral 
immune  response  to  heterologous  vaccination  with  CoronaVac and  BNT162b2, to  define  a   post- 
vaccination correlate of protection against SARS-CoV-2  infection and to discuss the scheduling of future 
vaccine boosters in  general population. 

 
 
 
 
 

1. Introduction 
 

The application of effective vaccines against severe acute respi- 
ratory syndrome coronavirus 2  (SARS-CoV-2)  has  proved to  be  a 
successful strategy for reducing viral  transmission and disease bur- 
den. The two most used vaccines worldwide are  CoronaVac (Sino- 
vac Life Sciences, Beijing,  China), an inactivated SARS-CoV-2 based 
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platform with more than 1.7  billion administered doses, and 
BNT162b2 (Pfizer/BioNTech),  a  mRNA-based vaccine  with more 
than 1.5  billion doses [1]. 

In  March 2020, the  first   cases of  Coronavirus Disease 2019 
(COVID-19)  were diagnosed in  Uruguay. By February 24,  2022, of 
a 3.5  million population more than 830.000 confirmed cases of 
SARS-CoV-2  infection have been reported and more than 6.900 
persons have died [2].  In  February 2021, the Ministry of  Public 
Health of  Uruguay authorized the emergency use   of  CoronaVac 
[3]   (600  SU  of  inactivated  virus per   dose)  and  BNT162b2 [4] 
(30  lg  per   dose) vaccines in  two doses administrated 28  days 
apart. To date, 77% of the Uruguayan population has  been vacci- 
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nated  with  two  doses of  some  of  these  two  vaccines  (59.9% 
received CoronaVac and  38.4%  BNT162b2) [2],  while only   1.7% 
was  immunized with AstraZeneca vaccine provided by the COVAX 
initiative (https://vacuna.uy). 

Both  CoronaVac and BNT162b2 have shown  great efficacy to 
prevent hospitalizations two weeks after second dose (2D) admin- 
istration [5,6],  simultaneously with the detection of high levels of 
serum specific antibodies against the SARS-CoV-2  Spike  protein 
[7].   Although immunological parameters  required  to   define  a 
post-vaccination correlate of protection (CoP) against SARS-CoV-2 
infection are  still  under discussion, antibody-mediated viral  neu- 
tralization has  been considered one  of the most important contrib- 
utors [8],  along with other antibody-mediated functions like  Fc- 
mediated effector responses [9].  Some  studies found that inacti- 
vated SARS-CoV-2 vaccines generates lower levels of neutralizing 
antibodies [1] and a decline over  time in the level  of specific anti- 
bodies has  been reported for both, BNT162b2 [10,11] and Corona- 
Vac vaccines [12]. 

Faced   with this reality, the application of  booster doses has 
become a strategic alternative that must coexist with the demand 
for  a  global equitable distribution  of  vaccines. In  this regard, in 
September 2021 the Ministry of Public Health of Uruguay autho- 
rized the administration of a booster dose with BNT162b2 for the 
subset of the population fully  vaccinated  with CoronaVac. Nowa- 
days,   almost 52% of  Uruguayan population has  already received 
this booster. 

Here,   we   analyzed the  dynamics of  serum  IgG  antibodies 
against the receptor binding domain (RBD) of  SARS-Cov-2  Spike 
protein at different times, in  a longitudinal prospective study on 
healthy individuals. We quantified the specific IgG levels in partic- 
ipants who received a two-dose plan of CoronaVac, and after 
heterologous  BNT162b2 third  dose (3D)  administration.  In  addi- 
tion, we   analyzed the functionality of  specific anti-SARS-CoV-2 
antibodies by  measuring their neutralizing capacity, Fc-mediated 
effector functions, and their overall binding kinetics to  the RBD. 
Regarding the measurement of the neutralizing capacity, we  must 
point out  that we used an in vitro assay that evidences the blockage 
of the interaction between the RBD protein and its receptor (ACE2) 
by   specific  anti-RBD antibodies,  as   an   accessible experimental 
approach to  address their neutralizing capacity. There is little 
information regarding the use  of a 3D  booster  with BNT162b on 
fully  vaccinated individuals with 2  doses of  CoronaVac [13,14]. 
Our  work provides new data that help to understand the develop- 
ment  and  characterization of   the  humoral  immune  response 
against this combination of heterologous vaccines. 

 
 

2. Materials and methods 
 

2.1. Cohort  and  study  design 
 

Fifty individuals, 60% women, median age  40 years (IQR 30–50) 
belonging to  the staff  of the Institut Pasteur de  Montevideo, who 
underwent voluntary heterologous prime-boost vaccination with 
CoronaVac and  BNT162b2, were  enrolled  in  a  post-vaccination 
serological follow-up study. Serum samples were collected at five 
times: before vaccination (t0); after a median follow-up of 18 days 
(IQR 16–23) post-2D (t1); 80 days (IQR 78–82) post-2D (t2); 18 days 
(IQR 16–20) post-3D with BNT162b2 (t3); and finally, 73 days (IQR 
72–81) post-3D (for  41  of  50  participants) (t4). All  participants 
declared not  to  have been diagnosed with COVID-19  prior to  or 
during the development of the study, in  two questionnaires per- 
formed at t0   and at t3.  In  addition, local   and systemic adverse 
events within 7 days after 3D were registered. This study was  done 
in accordance with the Helsinki Declaration of the World Medical 
Association and was  approved by  the ethical institutional review 

board (MSP 956,220 – CEI 001-2021). Informed consent was 
obtained from all participants. 
 
2.2. ELISA, neutralization activity, surface  plasmon resonance (SPR), 
and  antibody-dependent cellular  cytotoxicity and  phagocytosis (ADCC 
and  ADCP) assays 
 

Anti-RBD  (Wuhan variant) IgG  serum levels were quantified 
using COVID-19  IgG QUANT ELISA Kit (developed by  Universidad 
de  la  República, Institut Pasteur de  Montevideo and ATGen  SRL), 
according to manufacturer’s instructions. Results were expressed 
in binding antibody units per  milliliter (BAU/mL), by using the First 
WHO International Standard for anti-SARS-CoV-2 immunoglobulin 
(NIBSC code: 20/136) for assay calibration (https://www.nibsc. 
org/documents/ifu/20–136.pdf). 

The blockade of RBD-ACE2 interaction by specific anti-SARS- 
CoV-2 antibodies was  analyzed by using an in vitro  surrogate virus 
neutralization test (sVNT; cPassTM  SARS-CoV-2 Neutralization Anti- 
body Detection Kit,  GenScript®) in  serum from individuals who 
received heterologous vaccination at t1  and t2  (post-2D with Coro- 
naVac) and at t3   and t4   (post-3D with  BNT162b2), according to 
manufacturer’s instructions.  Briefly,  recombinant RBD conjugated 
to  HRP was  pre  incubated with different dilutions of serum sam- 
ples  and then added to  ACE2 coated ELISA microplates to  analyze 
the  capacity of  specific serum  antibodies  to   inhibit RBD-ACE2 
interaction. A calibrator serum (Cat.  No.  A02087, GenScript®)  of 
1.000.000 Arbitrary Units per  milliliter (AU/mL)  was  used accord- 
ing  to  manufacturer’s instructions to  generate a  standard curve 
by  serially diluting the calibrator serum from 600  AU/mL to  9.37 
AU/mL.  The   optical  densities  of  serum dilutions measured at 
450  nm  that fall in the lineal range of the standard curve were used 
to interpolate a semiquantitative titer value in AU/mL, which were 
corrected with the corresponding dilution factor to  calculate the 
final  value in AU/mL of serum. 

SPR assays were conducted with serum samples obtained at 
four  different times (t0, t1, t2, t3) from a sub-group of 20 individuals 
who received heterologous CoronaVac/BNT162b2 vaccination,  to 
evaluate the binding of total specific antibodies against captured 
RBD on  a  SPR sensorchip. A recombinant RBD expressed in  S2 
insect cells  was  used for these assays (see  Supplementary Material 
for details, Fig. S1). 

ADCC and ADCP were performed on the same 20 serum samples 
at t1  and t3,  using ADCC and ADCP reporter assays (InvivoGen) 
according to manufacturer’s instructions with minor differences. 
Jurkat-LuciaTM NFAT cells  expressing human FcgRIIIA V158  allotype 
or  human FcgRIIA H131 allotype were used for  ADCC and ADCP 
reporter assays, respectively (see  Supplementary Material for 
details). 
 
2.3. Data  analysis 
 

By employing GraphPad Prism 9.2.0.332 we carried out  compar- 
isons between groups using Friedmań s  test and Dunń s  multiple 
comparison post-hoc test  or  Wilcoxon test. Although the non- 
parametric  tests  used  in   the  multiple  comparisons  generally 
yielded significant differences in  all  the contrasts used, in  some 
cases, the post-hoc comparisons were marginally significant, 
essentially because of  the low  number of  observations. To over- 
come this difficulty, we  used linear mixed models (R  packages 
‘‘lme4”  and ‘‘emmeans”) with Tukey  correction on  the logarithm 
of the concentrations, modeling the individual as a random effect. 
Prior  to  this, we  verified the normality and homoscedasticity 
assumptions through the Shapiro-Wilks test and the studentized 
Breusch-Pagan test, respectively. In  all  cases, the post-hoc con- 
trasts were highly significant (p-value < 1  x 10-6).  Results from 
reporter  bioassays were obtained in  relative luminescence unit 
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(RLUs) and expressed as  endpoint titers. To assess consistency in 
the level  of specific antibodies measured by ELISA and SPR, we  cal- 
culated two-tailed Pearson correlation coefficients with a 95% con- 
fidence interval. 

 
 

3. Results 
 

Early   after  receiving the  3D   of   BNT162b2,  all   individuals 
reported only  mild to moderate adverse events. Injection site  pain 
was    by    far    the  most  frequent  (90%),   followed  by   fatigue, 
malaise, and chills among other local  and systemic adverse events 
(Table 1). 

No specific anti-RBD IgG antibodies were found before vaccina- 
tion (t0) in the serum samples (baseline seronegative). In contrast, 
all participants displayed seroconversion 18 days post-2D of Coro- 
naVac  (t1), with a median of 403  BAU/mL (IQR 249-618) (Fig. 1). At 
t2  all   50   individuals remained seropositive, although with  an 
important decrease in the level  of anti-RBD IgG antibodies (median 
of 113  BAU/mL, IQR 61-193) (Fig. 1). Interestingly, a significant 
increase of  serum  anti-RBD IgG  antibodies was   evidenced after 
18  days post-3D with BNT162b2 (t3), reaching a median of 8877 
BAU/mL  (IQR  6076-13081)  (Fig.  1).  Finally, after  a  median  of 
73  days post-3D (t4) the level  of specific anti-RBD IgG antibodies 
in 41 individuals of our  cohort decreased again but towards a med- 
ian  of 2622 BAU/mL (IQR 1907-5100) (Fig. 1).  Despite individual 
differences, all  participants showed the same trend in  terms  of 
IgG levels (Fig. 2A). In addition, we  observed a concomitant evolu- 
tion in  blocking capacity of RBD-ACE2 interaction in  participants 
who received a  heterologous  CoronaVac/BNT162b2 vaccination. 
We  detected a  drop between t1  and t2  [median of  3413  AU/mL 
(IQR 2250-5301) vs.  1064 AU/mL  (IQR 554-1968), respectively], 
an   important  improvement  early post-3D with  BNT162b2 (t3), 
and recurrently a reduction between t3  and t4  [median of 65,221 
AU/mL   (IQR   40701-109618)  vs.   20,480  AU/mL   (IQR   12079– 
32878), respectively] (Fig. 2B). According to the sVNT kit specifica- 
tions, the neutralization titer can  be interpreted as low  (<1500AU/ 
mL), medium (1500–5000AU/mL) and high (>5000). Besides, these 
blocking capacities linearly correlates  with anti-RBD IgG levels at 
each time point (Fig. S2). 

To evaluate kinetics of binding that could evidence differences 
in the maturation of humoral response, we  selected 20 individuals 
who received heterologous vaccine scheme and analyzed the 
response based on  total antibodies by  SPR. All  individuals sur- 
passed the values obtained with pre  immunization serum samples 
(Figs.  3A and S3)  and dissociation proved to  be  extremely slow, 
causing that the level  of bound antibodies remained almost con- 
stant for more than 10  min. By virtue of this, we  could not  obtain 
kinetics parameters and registered the level  of bound antibodies 
(in  RUs) after 1 min of dissociation, as  an  arbitrary measurement 
of the level  of total bound anti-RBD antibodies. The values obtained 
at t2  exhibited a  decline with respect to  t1,  showing a  temporal 
drop in  the level   of  total  circulating specific antibodies. Results 
obtained 18  days post-3D with BNT162b2 (t3) resulted  in a sharp 
increase in the level  of total specific antibodies (Fig. 3A). Again, this 
behavior is in concordance with results obtained by ELISA (Fig. 3B) 
showing a strong correlation between IgG and total specific anti- 
bodies shortly after doses administration (Fig. S4). 

Beyond virus recognition and neutralization by  antibodies,  Fc- 
mediated  effector functions  (like   ADCC and  ADCP)  have been 
linked to protection against multiple pathogens [15],  including 
SARS-CoV-2  vaccination in  animal models [16].   To  advance our 
knowledge on this, we  performed in vitro  ADCC and ADCP reporter 
assays on  serum samples from 20  participants collected 18  days 
post-2D with CoronaVac (t1) and 18  days post-3D with BNT162b2 
(t3). We  found that  BNT162b2 booster  also  increased the ADCC 

Table  1 
Adverse events after third dose with BNT162b2. 
 

 Participants (%) 

Local  adverse events Pain 45 (90) 

 Swelling 4 (8) 

 Skin redness 2 (4) 

 Regional lymphadenopathy 1 (2) 

Systemic adverse events Fatigue 16 (32) 

 Malaise 12 (24) 

 Chills 10 (20) 

 Headache 8 (16) 

 Myalgia 8 (16) 

 Fever 5 (10) 

 Arthralgia 4 (8) 

 Nausea, vomiting, diharrea 4 (8) 

The  questionnaire was conducted concomitantly to the blood extraction early after 
3D  with BNT162b2 by  medical staff, and adverse events are classified as local or 
systemic signs or symptoms. All but two participants presented at least one of the 
evaluated events, and many of them presented more than one. The  table shows the 
number of  participants with the specific sign or symptom and the respective per- 
centage within the cohort (%). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  1.  Serum anti-RBD IgG  levels at  different times in the  cohort follow-up. 
Serum samples of the same 50 individuals that received heterologous prime-boost 
vaccination with  CoronaVac and  BNT162b2 were  evaluated  at  different times, 
except for   t4  where 41 of  them were studied. Bars and numbers above them 
represent the median values of each time point and numbers in parentheses are the 
interquartile ranges. The   number of  individuals evaluated at each time point is 
presented on the base of  each bar. Bars corresponding to serum samples obtained 
after the third dose are presented in grey. Comparisons between groups were 
carried out using Friedman’s test and Dunn’s multiple comparison post-hoc test. 
**p = 0.01–0.001,  ***p < 0.001. BAU, binding antibody units. 



 

 

  
 

 

 

 

 

       

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 2.  Comparison between serum anti-RBD IgG levels and  their capacity to block RBD-ACE2  interaction at different times in the  cohort follow-up. Lines show the 
individual evolution over time of the serum anti-RBD IgG levels (A) and their capacity to block RBD-ACE2  interaction (B) for  every participant in the cohort (n = 50). Numbers 
represents median values with the interquartile range in parentheses. Both datasets show a similar behavior over time in most of the evaluated cases. Comparisons between 
groups were carried out using Friedman’s test and Dunn’s multiple comparison post-hoc test. **p = 0.01–0.001,  ***p < 0.001. BAU, binding antibody units; AU, arbitrary units. 

 
 
 
 
 

 
 

Fig. 3.  Comparison of anti-RBD total antibodies measured by SPR and  anti-RBD IgG measured by ELISA, in serum samples of 20 individuals selected from the cohort 
and  collected at different times. The  levels of total specific antibodies measured by  SPR after 1 min dissociation are presented at different times with grey lines showing the 
individual evolution over time, and the corresponding sensorgrams as stacked insets on the left (A).  Sensorgrams are presented after subtracting pre-vaccination data 
collected at t0 and for  clarity, curves are presented with the same color code as in Fig. S5. For comparison, the results obtained by  ELISA with the same 20 selected individuals 
are presented (B)  with the same representation as in Fig.  2. Both in SPR  and ELISA, pre-vaccination data (at t0) correspond to zero (not shown due to logarithmic 
representation of y-axis). RU, resonance units; BAU, binding antibody units. 

 
 

titer from a  median of  76  (IQR  37-165) to  548   (IQR  331-834) 
(Fig. 4A), and ADCP titer from a median of 28  (IQR 16-51) to  308 
(IQR 116-436) (Fig. 4B). The same behavior was  shown for blocking 
capacity of  RBD-ACE2 interaction (Fig.  4C)  and binding to  RBD 
(Fig. 4D)  at t1  and t3.  Considering the relevance of Omicron out- 
break in our  country, we  decided to compare the blocking capacity 

of antibodies developed against SARS-CoV-2 Wuhan and Omicron 
variants, by  performing sVNT with these same 20  sera. We  found 
a clear reduced activity against the Omicron variant at both times, 
post-2D [median of Wuhan variant, 2371 AU/mL (IQR 1240-4494) 
vs. median of Omicron variant, 0 AU/mL (IQR 0-264)] and post-3D 
[median of Wuhan variant, 71,908 AU/mL (IQR 43947-108165),  vs. 



 

 

 
4. Discussion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

Fig.  4.  Fc-mediated functions  and   RBD-ACE2   binding inhibition  of specific 
serum anti-RBD immunoglobulins. Figure shows ADCC (A)  and ADCP (B)  Fc- 
mediated functions of serum anti-RBD immunoglobulin in 20 individuals early after 
two doses of  Coronavac (t1) and after heterologous  booster with BNT162b2 (t3). 
Endpoint titers were calculated by interpolating the reciprocal of serum dilutions to 
baseline, whose values were determined  for   each plate as the  mean signal in 
absence of  serum plus three standard deviations. Inhibition of  RBD-ACE2  binding 
(C) and serum anti-RBD IgG levels (D) were measured in the same samples, showing 
a similar behavior over time.  Comparison of  the RBD-ACE2   binding inhibition 
activity against SARS-CoV-2 Wuhan and Omicron variants were carried out by sVNT 
in these 20 samples (E).  Numbers represents median values and the interquartile 
range  (in   parentheses).  Comparisons between  groups  were  carried  out  using 
Wilcoxon test. *p < 0.05, **p = 0.01–0.001,  ***p < 0.001. BAU, binding antibody units; 
AU, arbitrary units. 

 
median of Omicron variant, 1510 AU/mL (IQR 0-3728)]. However, 
the in vitro  blocking capacity of RBD-ACE2 interaction showed an 
increase after booster for  both variants, especially for  Wuhan one 
(Fig. 4E). 

Safety and efficacy of BNT162b2 and CoronaVac vaccines have 
been previously reported [5,17,18], and some studies have directly 
compared  CoronaVac and  BNT162b2 vaccines performances 
[19,20]. In fact,  our  group has  recently evaluated the humoral 
response to  these  vaccines in  solid organ transplant  recipients 
[21,22]. Moreover, in  a  small number of  individuals immunized 
with  BNT162b2, we  found similar results when comparing both 
vaccines over  time (Fig.  S5).  At present, one  of  the major topics 
of discussion is the use  of vaccine boosters [23,24], especially 
heterologous vaccination approaches. In  this regard, noteworthy 
results have recently been published which focuses on  heterolo- 
gous priming with adenoviral-vectored vaccines followed by 
boosting with mRNA [25,26] or recombinant protein-based vacci- 
nes  [27],  or viral-vectored vaccine booster after two doses of inac- 
tivated  vaccine  [28].    Information  regarding  the  dynamics  of 
antibody response induced by  heterologous prime-boost vaccina- 
tion with inactivated-virus and mRNA vaccines remains scarce, 
especially in the medium-term post-booster [13,14,29]. Moreover, 
studies which focuses on  functional characteristics of  antibodies 
generated by  heterologous prime-boost vaccination with Corona- 
Vac and BNT162b2 are  still  hard to  find. 

Our    baseline   seronegative   cohort   showed   seroconversion 
18 days post-2D with CoronaVac, but the level  of specific antibod- 
ies dropped significantly 80 days post-2D (almost 72%), similarly to 
the decay overtime reported  following the administration  of 
BNT162b2 [10,30] or CoronaVac [12,31] vaccines. However, 18 days 
post-3D with BNT162b2 vaccine, we  found an  impressive 22-fold 
increase in  serum specific antibody levels if compared with the 
same period post-2D with CoronaVac. Indeed, the level  of antibod- 
ies  detected in  these individuals were almost three times higher 
than those reached by individuals fully  vaccinated with two doses 
of  BNT162b2 (Fig.  S5).  Our  results are  in  agreement with recent 
reports analyzing populations that received the prime-boost vacci- 
nation  with  CoronaVac and  BNT162b2 [13,32],  as  well   as  with 
other 3D schedules, by  using either homologous [33]  or heterolo- 
gous [34]  schemes. 

To assess the evolution of specific antibody levels after heterol- 
ogous booster we  compared results obtained 73  days post-3D (t4) 
with those obtained at t3  and found a  drop of  70% considering 
medians values of each time, similarly to that seen in a comparable 
span of time post-2D with CoronaVac (between  t1  and t2). Despite 
this, the antibody levels at t4 remained 23-fold higher as compared 
to levels obtained from participants fully  vaccinated with Corona- 
Vac at 80  days post-2D. To the best of our  knowledge this is the 
first  study to  determine the magnitude of  the decline over  time 
in  serum specific antibody levels after heterologous  vaccination 
with  CoronaVac and  BNT162b2 in  a  healthy  population. These 
results are  crucial in the definition of future boosting plans, espe- 
cially  regarding the time between them. 

The dynamics of the capacity to block RBD-ACE2 interaction fol- 
lows the same behavior as  anti-RBD antibody levels, showing an 
important  increase early post-3D with  BNT162b2 (t3), followed 
by  a new reduction measured 73  days post-3D (t4). Considering a 
similar period post-vaccination, the blocking of RBD-ACE2 interac- 
tion post-3D with BNT162b2 remained  significantly higher than 
those observed post-2D with CoronaVac (t3  vs. t1). Despite the fall 
observed 73  days post-3D with BNT162b2, the blocking capacity 
remains almost 20-times higher when compared with that 
detected 80  days post-2D with CoronaVac (t4   vs.  t2). Even  more, 
blocking levels at t4  remained 6-times higher than those detected 
at t1. sVNT results expressed in AU/mL are  very  useful for compar- 
ing  variation between different individuals and over  time. If we 
interpret the results expressed in AU/mL according to the technical 
specifications of the sVNT kit,  we  can  summarize that the median 



 

 

 
values of neutralization titers were medium at t1,  low  at t2,  and 
high at t3  and t4. 

The reported dynamics of humoral response highlights the ben- 
efits  of this heterologous vaccination scheme, considering that the 
level   of  serum neutralizing antibodies has   been proposed as  a 
highly predictive marker of  immune protection for  symptomatic 
SARS-CoV-2 infected patients [35].  Even  more, in  the context of 
the emergence of SARS-CoV-2 variants of concern, a higher neu- 
tralization capacity achieved by  a booster vaccination, can  gener- 
ate    an   increased  protection  from  severe  infection  outcomes 
[8,36]. However, we found a clear decline in the RBD-ACE2 interac- 
tion  blocking capacity  when  we   compare  the  Wuhan  variant 
against  the  Omicron one,   in   agree  with  previous  findings  of 
Pérez-Then and col. [13].  Anyway, our  results could provide valu- 
able  information regarding the temporal behavior of blocking 
capacity since a CoP for  SARS-CoV-2 is crucial in the fight against 
pandemic [37]. 

To compare the performance of different vaccine schedules, we 
urgently need to  define efficient methods that serve as  CoP  for 
COVID-19  vaccines. These CoPs will  also  allow assessing the indi- 
vidual and community levels of protection against SARS-CoV-2 
infection. Recent studies have shown that antibody levels against 
the Spike  protein and its  neutralizing capacity strongly correlates 
with  efficacy across  different  vaccine platforms  [35,38,39]. The 
use   of  the WHO  international  standard  and  the  expression of 
results in BAU/mL, allows its comparison between different labora- 
tories. Recent works suggested an antibody level  of approximately 
260  BAU/mL as a correlate of protection in the general population 
[38]  and cancer patients [40].  Although this level  still  needs to  be 
confirmed by  other studies, the possibility of having this type of 
information could be useful for future management of vaccination 
schedules. 

Based  on the complexity of the mechanisms associated with the 
maturation of the humoral response and the effect that different 
vaccines platforms could have on  it,  we  analyzed differences in 
the binding kinetics of serum samples by SPR. As opposed to ELISA, 
where  antibodies  reach  binding  equilibrium,   using  SPR   we 
obtained real-time binding data, allowing kinetic binding evalua- 
tion at the expense of  a  reduction in  sensitivity. However, poly- 
clonality and the unknown concentration of  specific antibodies 
prevented  us   from extracting overall kinetics parameters that 
could help in elucidating changes associated with longitudinal 
maturation of humoral response. Even  the ‘‘apparent koff”  (which 
does not   depend on  free   antibody concentration) could not   be 
properly  calculated,  probably  because  of   avidity  and/or  re- 
binding events of the different isotypes of antibodies which result 
in  an  extremely slow dissociation. This  slow dissociation (whose 
differences between doses were inexistent or  remained unde- 
tectable) is a qualitative feature of anti-RBD antibodies, being com- 
patible with the presence of high affinity IgG produced by plasma 
cell  that underwent the complex process of  maturation through 
successive rounds  of  somatic hypermutation  and selection.  On 
the other hand, this feature of specific IgG antibodies likely  favors 
their ability to  trigger effector mechanisms in  vivo.  Interestingly, 
the level  of specific IgG or total antibodies, measured respectively 
by  ELISA and SPR, showed a  similar temporal  evolution and a 
strong correlation early after 2D and 3D (Fig. S4), evidencing the 
usefulness of both techniques to analyze the dynamics of humoral 
responses nearly vaccination. 

While recent data points to  the ability of  SARS-CoV-2 mRNA 
vaccines to  evoke robust Fc-effector functions [9],  less  is  known 
about inactivated virus vaccines and heterologous vaccination. It 
has   been reported  that  some Fc-dependent pathways of  anti- 
SARS-CoV-2  specific antibodies potentially contribute to  COVID- 
19  severity [41]   and/or  could play   a  role   in  combatting SARS- 
CoV-2 infections [42].  We  determined that these Fc-mediated fea- 

tures show strong correlation with IgG serum levels and blocking 
capacities, similarly to findings reported in convalescent individu- 
als [43].  This suggests that Fc-mediated functions could be playing 
an  important role  in preventing SARS-CoV-2 infections or COVID- 
19 severity after vaccination, even against emerging virus variants. 
Moreover, according to our  findings, binding of specific antibodies 
could represent an  indirect measurement of Fc-mediated effector 
functions. 

The findings of this study must be seen considering some limi- 
tations. The first  is the sample size; although, we consider it impor- 
tant to  have a  five-point IgG levels follow-up, covering pre- and 
post-vaccination. The  second limitation concerns the lack  of 
CoronaVac-boosted group; however, the Ministry of Public Health 
of Uruguay did  not  use  CoronaVac as a booster option but only  the 
BNT162b2 vaccine. For  this reason, there are  virtually no  people 
with a third dose of CoronaVac in our  country. Third,  Uruguay lacks 
local  access to  biosafety level  3 (BSL3) facilities for  achieving pla- 
que  reduction neutralization tests (PRNT), which is the gold  stan- 
dard   for    detecting   and   quantifying  neutralizing   antibodies 
(NAbs).  For  this reason, we  performed a surrogate neutralization 
test which clearly has  limitations, such as the absence of biological 
membranes and other proteins or  protein domains with a known 
role  in  the attachment, binding, and fusion processes of the virus 
with the host cell. Finally, data on T-cell  responses induced during 
vaccination is a relevant issue to  be  considered. 
 

 
5. Conclusion 
 

In this work we  provide new evidence regarding heterologous 
prime-boost vaccination with CoronaVac and BNT162b2 in healthy 
individuals, showing the dynamic of the levels of specific antibody 
after approximately 2.5  months. A significant correlation between 
levels of anti-RBD antibodies, their RBD-ACE2 interaction blocking 
capacity, and ADCC or  ADCP-effectors activities  was  found, sup- 
porting that inexpensive and easily implemented serological tests 
are  important tools for monitoring the immune response after vac- 
cination and define booster doses. 

Inactivated virus-based vaccines are  useful tools in  the global 
fight against COVID-19, although more data are  needed on its effi- 
cacy  against emerging SARS-CoV-2 variants and on  the durability 
of  protection  across different age   groups, geographical settings 
and in  the presence of comorbidities [44].  In addition, as  mRNA- 
based platform vaccines have shown to  be  safe  and effective over 
time [17],  the use  of a heterologous prime-boost vaccination with 
CoronaVac  and   BNT162b2 represents   a   promising  and  safe 
strategy. 
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