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ABSTRACT
Background: Lymphopenia is common in COVID-19. This has raised concerns that COVID-19 
could affect the immune system akin to measles infection, which causes immune amnesia and a 
reduction in protective antibodies. 

Methods: We recruited COVID-19 patients (n = 59) in Helsinki, Finland, and collected plasma 
samples on 2 to 3 occasions during and after infection. We measured IgG antibodies to diphtheria 
toxin, tetanus toxoid, and pertussis toxin, along with total IgG, SARS-CoV-2 spike protein IgG, 
and neutralizing antibodies. We also surveyed the participants for up to 17 months for long-term 
impaired olfaction as a proxy for prolonged post-acute COVID-19 symptoms.

Results: No significant differences were found in the unrelated vaccine responses while the serolog-
ical response against COVID-19 was appropriate. During the acute phase of the disease, the SARS-
CoV-2 IgG levels were lower in outpatients when compared to inpatients. SARS-CoV-2 serology 
kinetics matched expectations. In the acute phase, anti-tetanus and anti-diphtheria IgG levels were 
lower in patients with prolonged impaired olfaction during follow up than in those without.

Conclusions: We could not detect significant decline in overall humoral immunity during or after 
COVID-19 infection. In severe COVID-19, there appears to be a temporary decline in total IgG 
levels. 
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INTRODUCTION
The pandemic SARS-CoV-2 virus has caused more than 6.9 million deaths worldwide since 2019 
[1]. In moderate-to-severe COVID-19, lymphopenia is a cardinal finding with lower lymphocyte 
counts associated with more severe disease [2]. This lymphopenia is evident in both T-cell and 
B-cell populations [3], raising concerns about the possible long-term effects of COVID-19 infec-
tion on the immune system. Immune amnesia, where an infection can erase acquired immunity 
to other pathogens/antigens, has been previously shown after measles [4, 5]. Measles infection 
depletes memory and naive B cells [5], which causes a drop in circulating antibody levels and 
reversal to immunological immaturity [4, 5]. Previous research has shown decreases in antibodies 
against routine vaccines during and/or after COVID-19 infection [6-8]. However, the results have 
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been inconclusive, and no follow up has been conducted. To date, no studies have been conducted 
on routine vaccine antibodies in patients exhibiting post-acute sequelae of COVID-19 (PASC; 
colloquially known as long COVID).

Immunological amnesia may remain of no clinical significance, but it has the potential to lead to 
unexpected consequences. Immune amnesia may render the individual again susceptible to some 
vaccine-preventable diseases and, theoretically at the population level, even lead to epidemics 
[9]. There is also evidence that post-acute sequelae of COVID-19 are associated with persisting 
inflammation and immune dysregulation [10]. Based on our previous work concerning heter-
ologous boosting of unrelated immunity in Puumala hantavirus infection [11], we studied the 
effect of SARS-CoV-2 infection on pre-existing vaccine responses. Additionally, we examined the 
relationship of PASC (as defined by impaired olfaction) to the vaccine responses.

We chose to study antibodies against toxoid vaccines: in Finland, diphtheria, tetanus, and per-
tussis vaccination primary series coverage is >95%. In the Finnish national vaccination program, 
booster doses of toxoid vaccines are currently given at 20-year intervals (for those aged ≥ 65 at 
10-year intervals) or not at all (pertussis) after the age of 25 years [12]. Thus, there is a low chance 
of patients receiving a booster in the follow-up period. We, therefore, reasoned that studying the 
antibody levels against toxoid vaccines during and after COVID-19 can be used to exclude signifi-
cant immunological amnesia caused by the SARS-CoV-2 virus.

METHODS

Patient Cohort
Patients positive for SARS-CoV-2 reverse transcription polymerase chain reaction (RT-PCR) aged 
24 to 81 years (n = 59), either admitted to Helsinki University Hospital in Helsinki, Finland, (n 
= 22) or treated as outpatients (n = 37), were recruited to this study. The patients were recruited 
between March 2020 and February 2021. During this time, there were 2 major waves of infections 
caused by the original Wuhan strain. The Alpha variant was first detected in December 2020 in 
Finland, and its prevalence rapidly increased in early 2021 [13]. Therefore, we conclude that the 
majority of cases studied represent infections of the Wuhan strain with a minor fraction of Alpha 
variant infections. None of the patients studied had received COVID-19 vaccines prior to infec-
tion. None of the patients tested positive for COVID-19 reinfection in the study period.

Peripheral blood samples were collected from each individual at 2 or 3 different times during 
and after infection. The sampling times differed between the patients. Because of this, the sam-
ples were divided between 3 disease phases for the sake of data analysis: acute (0 to 35 days after 
symptom onset), convalescent (36 to 120 days), and recovered (over 120 days after symptom 
onset). Later, these will be referred to as A, B, and C phases.

The study was approved by the Ethics Committee of the Hospital District of Helsinki and Uusi-
maa (HUS/853/2020, HUS/1238/2020). All participants gave written informed consent in accor-
dance with the Declaration of Helsinki.

Plasma and Serum Samples
Plasma and serum were separated from the blood samples by centrifugation, and the samples were 

https://www.paijournal.com/index.php/paijournal


www.PaiJournal.com

Pathogens and Immunity - Vol 8, No 2� 77

stored at -80°C for later use. Upon use, the frozen samples were thawed at room temperature.

Vaccine Serology
IgG antibodies against Diphtheria Toxin were measured using Novagnost® Diphtheria Toxin 5S IgG 
(NovaTec Immunodiagnostica GmbH, Dietzenbach, Germany). IgG antibodies against Tetanus 
Toxoid were measured using Anti-Tetanus Toxoid ELISA (IgG) (EUROIMMUN, Lübeck, Germa-
ny), and IgG antibodies against Bordetella pertussis toxin were measured using Anti-Bordetella 
pertussis toxin ELISA (IgG) (EUROIMMUN). The samples were analyzed in the HUS Diagnostic 
Center Clinical Microbiology, Helsinki, Finland, with a fully automatic EuroLabWorkstation ELI-
SA (EUROIMMUN), and the analysis was carried out according to the manufacturer’s instructions.

Total IgG
Total IgG was determined at the clinical diagnostic laboratory HUS Diagnostic Center Clinical 
Chemistry Facility in Helsinki, Finland, using the clinically accredited Siemens Atellica CH IgG_2 
assay.

SARS-CoV-2 Serology
SARS-CoV-2 spike (S) protein ELISA was performed as previously described by Rusanen et al 
[14]. SARS-CoV-2 neutralizing antibody assay was performed as previously described by Haveri 
et al [15].

Persisting Symptoms 
We chose to use impaired olfaction as a proxy of persisting symptoms after acute COVID-19, as it 
has been most commonly associated with PASC. Moreover, unlike many other symptoms, such as 
fatigue, it is uncommon among SARS-CoV-2-negative individuals [16-18]. The data on persisting 
symptoms used here were obtained from the Long Covid Master study [16] with 1326 partici-
pants whose symptoms were evaluated with an online questionnaire. 

Statistical Analysis
All analyses were performed using R Statistical Software (v4.2.0; R Core Team 2022). Friedman, 
Wilcoxon, and Mann-Whitney U tests as well as t tests via the rstatix R package (v0.7.0; Kassamba-
ra A 2021) were employed to compare differences between groups. Figures were created via the gg-
plot2 R package (v3.3.6; Wickham H 2016). The limit for statistical significance was set to P < 0.05. 

RESULTS
The patient demographic data are summarized in Table 1. Most patients were sampled at all 3 
disease phases (acute, convalescent, and recovered), but we had to exclude 4 patients because all 
their samples fell within the same phase, which prevented meaningful comparisons. There were 12 
patients who had samples within 2 different phases, and these had to be excluded from the non-
parametric paired multiple comparisons tests (Friedman test), requiring a complete block design. 
They are, however, included in the figures and the nonparametric pairwise comparisons (Wilcox-
on tests). The median time from symptom onset to sampling is presented in Table 1 where it can 
be seen that, on average, in the acute phase inpatients were sampled earlier than outpatients.
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Table 1. Demographics
Outpatients Inpatients All

n % n % n %
N 37 62.7  22 37.3 59 100.0
Sex
Male 15 40.5 10 38.5 25 39.7 
Female 22 59.5 16 61.5 38 60.3 
Age
18-29 4 10.8 0 0 4 6.8
30-39 10 27.0 1 4.5 11 18.6
40-49 6 16.2 3 13.6 9 15.3
50-59 6 16.2 9 40.9 15 25.4
60-69 7 18.9 7 31.8 14 23.7
70-79 3 8.1 2 9.1 5 8.5
80- 1 2.7 0 0 1 1.7
    Median 45 58 53
Days in hospital
0 37 100.0 37 62.7
1-7 7 31.8 7 11.9
8-14 7 31.8 7 11.9
15-21 5 22.7 5 8.5
22 - 3 13.7 3 5.0
    Median 0 10.5 0
Number of patients with 3 samples in different phases
Vaccine IgG 33 89.2 10 45.5 43 72.9
Total IgG 32 86.5 10 45.5 42 71.2
Neutr. titer 30 81.1 1 4.5 31 52.5
S protein IgG 32 86.5 10 45.5 42 71.2
PASC
Yes 11 29.7 5 22.7 16 27.1
No 22 59.5 11 50.0 33 55.9
No data 4 10.8 6 27.3 10 16.9

Outpatients Inpatients All
med. min/max med. min/max med. min/max

Sample times (days from symptom outset)
Acute phase (A) 25.5 9/34 11 7/24 21 7/34
Convalescent p. (B) 91.5 61/108 98.5 57/112 95 57/112
Recovered p. (C) 156 123/239 375 206/417 166 123/417
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To test our main hypothesis of COVID-19-induced immunological amnesia, we analyzed an-
tibodies against diphtheria, tetanus, and pertussis toxoid/toxin. Figure 1 shows an overview of 
the results. We found no statistically significant differences between the disease phases in either 
the entire patient population (P > 0.05, Friedman test) or only in the inpatients (P > 0.05, paired 
Wilcoxon test).

Figure 1. Diphtheria, tetanus, and pertussis toxoid antibodies in peripheral blood. Vertical lines 
denote the range of minimum and maximum values, the box denotes 1st and 3rd quartile values, and the 
middle horizontal line denotes the median value. Black dots denote outlier values. A = acute (n = 55), B 
= convalescent (n = 50), C = recovered (n = 48). Figure 1A shows the distributions in all patients, and 1B 
shows outpatients and hospitalized patients separately.

It is known that total IgG may wane in severe infection, and this could affect the specific IgG 
levels against toxoid vaccines shown in Figure 1. To account for this effect, we analyzed total IgG 
levels (Figure 2). We found no significant changes in total IgG levels in either outpatients or inpa-
tients (P > 0.05, Friedman and Wilcoxon paired tests). 

Additionally, we determined SARS-CoV-2 S-protein IgG and neutralizing antibody titers (Figure 
2). We could only determine neutralizing antibody titer at the C phase from 1 inpatient, therefore 
we excluded the C phase from further analysis in the subgroup of inpatients.
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When all patients were included in the analysis, we could not show differences between the dis-
ease phases (P > 0.05, Friedman test). However, for inpatients, the S protein IgG levels increased 
with time (Figure 2B), and the levels differed significantly between all phases: A/B (P adj = 0.049), 
A/C (P adj = 0.008) and B/C (P adj = 0.006), as measured by the paired Wilcoxon test. In the in-
patient group, neutralizing antibody titers did not differ significantly between the phases  
(P > 0.05, paired Wilcoxon test).

Figure 2. Total IgG, SARS-CoV-2 Spike protein IgG, and SARS-CoV-2 neutralizing antibody titers in 
peripheral blood. Vertical lines denote the range of minimum and maximum values, the box denotes 1st 
and 3rd quartile values, and the middle horizontal line denotes the median value. Black dots denote outlier 
values. A = acute, B = convalescent, C = recovered. Significance: * P< 0.05, ** P < 0.01 (paired Wilcoxon 
test). Figure 1A shows the distributions in all patients, and 1B shows outpatients and inpatients separately. 

We were interested in the differences between the 2 groups of patients (outpatients and inpa-
tients) (Figure 3). There were several statistically significant differences as measured by the 
non-parametric unpaired comparisons test (Mann-Whitney U test): for inpatients, total IgG was 
lower in the acute phase (P = 0.0032), S protein IgG lower in the acute (P = 0.0214) and higher in 
the recovered (P < 0.0001) phases, and neutralizing antibody titers were higher in the convales-
cent (P < 0.0001) phase. 

https://www.paijournal.com/index.php/paijournal


www.PaiJournal.com

Pathogens and Immunity - Vol 8, No 2� 81

Figure 3. Antibody levels for COVID-19 outpatients and hospitalized patients. Vertical lines denote 
the range of minimum and maximum values, the box denotes 1st and 3rd quartile values, and the middle 
horizontal line denotes the median value. Black dots denote outlier values. Outpatients (light purple bars) 
and hospitalized (dark purple), phases A = acute, B = convalescent, C = recovered. Significance: * P< 0.05, 
** P < 0.01, *** P < 0.001 (Mann-Whitney U test).

Finally, we performed a subanalysis on those patients (n = 49) who had self-reported survey data 
on PASC symptoms. We compared the group that had reported impaired olfaction at 3 to 17 
months after the initial positive SARS-CoV-2-PCR test (PASC+, n = 16) with the group that had 
reported no prolonged change in sense of smell (PASC-, n = 33) separately in all 3 phases. In the 
acute phase, there was a significant difference between PASC+ and PASC- patients in anti-teta-
nus IgG (P = 0.0067, unpaired Wilcoxon test) and anti-diphtheria IgG (P = 0.0155). Additionally, 
anti-tetanus IgG showed a significant difference also in the convalescent phase (P = 0.0250). In 
all cases, the anti-toxoid vaccine IgG levels were lower in the PASC+ group. Anti-pertussis IgG 
did not differ significantly between the groups, and neither did total IgG levels or SARS-CoV-2 
serology. 

To assess for confounding factors, we examined the PASC+ and PASC- groups more closely. The 
PASC+ group was, on average, younger (mean 46.6 years) than the PASC- group (mean 56.2 
years), with a significant difference between the groups (P = 0.0369, 2-sample t test). However, 
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there was no significant correlation between patient age and vaccine responses (P > 0.05, Spear-
man correlation, data not shown). The PASC+ and PASC- groups had no significant differences 
in any other tested variable: sex, hospitalization status, length of hospitalization, and time from 
symptom onset to sample collection.

Figure 4. Antibody levels plotted with time since symptom onset (days). Red dots denote patients 
with no PASC (no impaired olfaction), and blue dots denote patients with PASC (impaired olfaction). 
Accordingly, the red line represents the local regression (as calculated with LOESS) in patients without 
PASC, and the blue line represents the moving average in patients with PASC.

DISCUSSION
Our findings show no effect on unrelated vaccine antigen-specific antibody levels during or after 
SARS-CoV-2 infection, suggesting no decline in overall humoral immunity. This is also consistent 
with the lack of changes in the total IgG levels during infection or recovery. Anti-SARS-CoV-2 
S protein IgG increased with time in the inpatients, but no increase was seen in the outpatients. 
Neutralizing antibodies against SARS-CoV-2 did not show differences between the disease 
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phases; however, we did not have enough late samples to conclude this for inpatients, only for 
outpatients. The apparently stable COVID-19 antibody levels in mild COVID-19 cases can likely 
be attributed to the relatively late primary sampling of outpatients (Table 1). Primary sampling 
had to occur after the initial quarantine, and patients presumably had already developed a robust 
seroresponse at that time. In our cohort, the IgG levels against SARS-Cov-2 S protein increased 
for inpatients from the convalescent phase to the recovered phase, while in outpatients, the 
levels remained stable. A possible explanation for this could be that the inpatients, being older 
and presumably having more comorbidities, had already received the first doses of SARS-CoV-2 
vaccines before the last sampling. Many of the last samples were taken in the spring of 2021, when 
the mass-vaccination campaign was initiated in Finland, first for the elderly and high-risk groups. 
To our knowledge, at least 6 patients had received one SARS-CoV-2 vaccine dose before their last 
sampling, but unfortunately, we were not able to obtain this data on all the study patients.

Our anti-vaccine antibody findings contradict some previous studies. It has previously been 
reported that there is an inverse correlation between anti-mumps IgG titers and COVID-19 
severity [6], and anti-Pneumococcus IgG titers and COVID-19 severity [7]. Additionally, a pos-
itive correlation has been suggested between Bordetella pertussis antibody titers and COVID-19 
disease severity [7]. A possible explanation for these findings is that certain risk factors of severe 
COVID-19 (such as obesity and advanced age) may also be risk factors for less effective immune 
responses to vaccinations [19]. When comparing COVID-19 patients with healthy controls, anti-
body titers against Rubella, pneumococcus, and Bordetella pertussis were found to be significantly 
lower in the patients [7]. Additionally, in patients who have recovered from COVID-19 versus 
healthy controls, measles-specific IgG was found to be significantly higher and tetanus antibody 
titers lower in patients [8]. As can be seen, these results also contradict each other. 

Comparisons between the subgroups of inpatients and outpatients showed lower total IgG levels 
for inpatients in the acute disease phase. Furthermore, the results of SARS-CoV-2 S protein IgG 
and neutralizing antibody analyses suggested that more severe disease induces a more robust 
antibody response. There were no differences between the inpatient and outpatient groups in the 
diphtheria, tetanus, or pertussis toxoid IgG levels during the follow-up period. These results con-
cur with previous data showing that low total IgG levels are associated with severe infections [20]. 
The kinetics of SARS-CoV-2 seroresponses for the most part matched earlier research [21].

A subanalysis of those patients who self-reported post-acute sequelae of COVID-19 (PASC+) and 
those who did not (PASC-) showed significantly lower anti-tetanus IgG in the acute and convales-
cent phases, and lower anti-diphtheria IgG in the acute phase. The PASC+ group was, on average, 
younger than the PASC- group, and it is possible that the timing of the latest vaccinations could 
explain the differences observed. According to the national vaccination program, individuals 
under the age of 65 years are vaccinated every 20 years with the diphtheria-tetanus booster (dT), 
while older individuals are boosted every 10 years. However, no differences in anti-diphtheria 
or anti-tetanus IgG were observed in the recovered phase, which would be expected if the vacci-
nation schedule was the cause. Moreover, the anti-vaccine IgG levels did not correlate with age. 
The total IgG, anti-Bordetella pertussis, and anti-SARS-CoV-2 antibody levels were comparable 
between the individuals who reported prolonged symptoms and those who did not, which indi-
cates that the PASC symptoms were not associated with overall weaker immune responses in our 
cohort.
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We selected impaired olfaction as a representative of PASC symptoms because, together with 
impaired sense of taste, it was the only symptom that was more common among the SARS-CoV-
2-positive than -negative individuals in our master study [16]. Moreover, unlike more generic 
symptoms, such as fatigue, it is uncommon among SARS-CoV-2-negative individuals [17, 18]. 
Our groups (PASC+/-) were not significantly different in sex distribution, disease severity, or 
length of hospitalization. In our study PASC+ patients were also younger than PASC- patients, 
contrary to previous studies [22, 23]. This could be due to our conservative definition of PASC or 
due to selection bias due to the small sample size.

Compared to previous studies, the present one had the benefit of sampling both in the acute 
phase and during a follow-up period (up to a year after infection). The effects of COVID-19 on 
routine vaccine antibody levels have not been previously investigated on such a long timescale. 
The 3-sample study design would have been able to show not only linear but also V- or invert-
ed V-shaped trends. Another unique feature in the study design was the inclusion of mainly 
COVID-19 outpatients. This allows for the results to be generalized to mild COVID-19 cases, 
which form the majority of all cases, instead of the more severe hospital-treated population. To 
our knowledge, this is the first study of its kind to focus mainly on outpatients. Conversely, there 
were fairly few inpatients, and thus because of low statistical power, we cannot exclude that there 
may be a small effect in hospitalized patients that is not detected. 

Another limitation of this study is the unequal sampling times. Late primary sampling of outpa-
tients was necessary due to quarantine requirements (at the time 14 days from symptom onset). 
However, we believe that this does not affect the results since IgG-class antibodies have a half-life 
of about 25 to 30 days [24], which matches approximately with the boundary between the acute 
and convalescent disease phases (35 days). For the purposes of this study, we have considered the 
recovered phase (>120 days from symptom onset) to represent the baseline serology. However, 
we acknowledge the possibility of very long-lasting effects of COVID-19 on the antibody levels, 
in which case the recovered phase would not be equivalent to baseline. Accordingly, while none 
of the patients tested positive for COVID-19 reinfection during the follow-up period, there is a 
small possibility of symptom-free reinfection or of the patients not seeking an RT-PCR test for 
their symptoms. Another potential caveat is the unknown amount of time since the last booster 
vaccination of each patient. In the Finnish system, data on vaccinations are not stored centrally; 
thus, we were unable to obtain this data.

In conclusion, this study’s main finding of no humoral immunity decline during or after 
COVID-19 infection is an encouraging one. Fortunately, our initial hypothesis of measles-like 
immune amnesia was proven incorrect. These findings, therefore, do not support any new recom-
mendations in the treatment or follow up of COVID-19 patients. While it cannot be concluded 
that COVID-19 causes no changes to immunity, the present study adds to the current knowledge 
of the immune effects of COVID-19. The significance of the findings of lower anti-tetanus and an-
ti-diphtheria IgG levels in patients that have impaired olfaction after COVID-19 remains unclear, 
yet there was no indication of overall weaker immune responses. Further research with larger 
sample sizes and a focus on severe COVID-19 is recommended.

ACKNOWLEDGEMENTS
We thank Marjo Rissanen for expert technical assistance.

https://www.paijournal.com/index.php/paijournal


www.PaiJournal.com

Pathogens and Immunity - Vol 8, No 2� 85

FUNDING
This work was supported by the Finnish Medical Foundation (grant numbers 4468 and 6071); the 
European Union’s Horizon Europe Research and Innovation program (grant number 101057553); 
the Sigrid Jusélius Foundation; the Orion Research Foundation sr (grant number 230037); and 
the Biomedicum Helsinki Foundation (grant number 20220084).

POTENTIAL CONFLICTS OF INTEREST 
All authors declare that they have no conflicts of interest. 

REFERENCES
1.	 WHO Coronavirus (COVID-19) Dashboard. Accessed May 17, 2022. https://covid19.

who.int/
2.	 Al-Saadi EAKD, Abdulnabi MA. Hematological changes associated with COVID-19 

infection. J Clin Lab Anal. 2022;36(1):e24064. doi: 10.1002/jcla.24064; PMCID: 
PMC8646489.

3.	 Wilk AJ, Rustagi A, Zhao NQ, Roque J, Martínez-Colón GJ, McKechnie JL, Ivison GT, 
Ranganath T, Vergara R, Hollis T, Simpson LJ, Grant P, Subramanian A, Rogers AJ, 
Blish CA. A single-cell atlas of the peripheral immune response in patients with severe 
COVID-19. Nat Med. 2020;26(7):1070-6. doi: 10.1038/s41591-020-0944-y; PMCID: 
PMC7382903.

4.	 Mina MJ, Kula T, Leng Y, Li M, de Vries RD, Knip M, Siljander H, Rewers M, Choy 
DF, Wilson MS, Larman HB, Nelson AN, Griffin DE, de Swart RL, Elledge SJ. Mea-
sles virus infection diminishes preexisting antibodies that offer protection from other 
pathogens. Science. 2019;366(6465):599-606. doi: 10.1126/science.aay6485; PMCID: 
PMC8590458.

5.	 Petrova VN, Sawatsky B, Han AX, Laksono BM, Walz L, Parker E, Pieper K, Anderson 
CA, de Vries RD, Lanzavecchia A, Kellam P, von Messling V, de Swart RL, Russell CA. 
Incomplete genetic reconstitution of B cell pools contributes to prolonged immuno-
suppression after measles. Sci Immunol. 2019;4(41). doi: 10.1126/sciimmunol.aay6125.

6.	 Gold JE, Baumgartl WH, Okyay RA, Licht WE, Fidel PL, Jr., Noverr MC, Tilley LP, 
Hurley DJ, Rada B, Ashford JW. Analysis of Measles-Mumps-Rubella (MMR) Titers 
of Recovered COVID-19 Patients. MBio. 2020;11(6). doi: 10.1128/mBio.02628-20; 
PMCID: PMC7686805.

7.	 Sumbul B, Sumbul HE, Okyay RA, Gülümsek E, Şahin AR, Boral B, Koçyiğit BF, 
Alfishawy M, Gold J, Tasdogan AM. Is there a link between pre-existing antibodies 
acquired due to childhood vaccinations or past infections and COVID-19? A case 
control study. PeerJ. 2021;9:e10910. doi: 10.7717/peerj.10910; PMCID: PMC7879941.

8.	 Hassani D, Amiri MM, Maghsood F, Salimi V, Kardar GA, Barati O, Hashemian SMR, 
Jeddi-Tehrani M, Zarnani A-H, Shokri F. Does prior immunization with measles, 
mumps, and rubella vaccines contribute to the antibody response to COVID-19 anti-
gens? Iran J Immunol. 2021;18(1):47-67. doi: 10.22034/iji.2021.87990.1843.

9.	 Morales GB, Muñoz MA. Immune amnesia induced by measles and its effects on 

https://www.paijournal.com/index.php/paijournal
https://covid19.who.int/
https://covid19.who.int/
http://dx.doi.org/10.1002/jcla.24064
http://dx.doi.org/10.1038/s41591-020-0944-y
http://dx.doi.org/10.1126/science.aay6485
http://dx.doi.org/10.1126/sciimmunol.aay6125
http://dx.doi.org/10.1128/mBio.02628-20
http://dx.doi.org/10.7717/peerj.10910
http://dx.doi.org/10.22034/iji.2021.87990.1843


www.PaiJournal.com

Pathogens and Immunity - Vol 8, No 2� 86

concurrent epidemics. J R Soc Interface. 2021;18(179):20210153. doi: 10.1098/
rsif.2021.0153; PMCID: PMC8205533.

10.	Newell KL, Waickman AT. Inflammation, immunity, and antigen persistence in post-
acute sequelae of SARS-CoV-2 infectionImmunity and inflammaion in post-acute se-
quelae of SARS-CoV-2 infection. Curr Opin Immunol. 2022;77:102228. doi: 10.1016/j.
coi.2022.102228; PMCID: PMC9127180.

11.	Lamponen T, Hetemäki I, Niemi HJ, Jarva H, Kekäläinen E, Mäkelä S, Mustonen J, 
Vaheri A, Arstila TP. Heterologous boosting of nonrelated toxoid immunity during 
acute Puumala hantavirus infection. Vaccine. 2021;39(13):1818-25. doi: 10.1016/j.
vaccine.2021.02.046.

12.	Rokotusohjelma lapsille ja aikuisille - THL. Accessed June 20, 2023. https://thl.fi/fi/
web/infektiotaudit-ja-rokotukset/tietoa-rokotuksista/kansallinen-rokotusohjelma/
rokotusohjelma-lapsille-ja-aikuisille

13.	Truong Nguyen P, Kant R, Van den Broeck F, Suvanto MT, Alburkat H, Virtanen J, 
Ahvenainen E, Castren R, Hong SL, Baele G, Ahava MJ, Jarva H, Jokiranta ST, Kal-
lio-Kokko H, Kekäläinen E, Kirjavainen V, Kortela E, Kurkela S, Lappalainen M, 
Liimatainen H, Suchard MA, Hannula S, Ellonen P, Sironen T, Lemey P, Vapalahti O, 
Smura T. The phylodynamics of SARS-CoV-2 during 2020 in Finland. Commun Med. 
2022;2:65. doi: 10.1038/s43856-022-00130-7; PMCID: PMC9187640.

14.	Rusanen J, Kareinen L, Levanov L, Mero S, Pakkanen SH, Kantele A, Amanat F, 
Krammer F, Hedman K, Vapalahti O, Hepojoki J. A 10-Minute “Mix and Read” Anti-
body Assay for SARS-CoV-2. Viruses. 2021;13(2). doi: 10.3390/v13020143; PMCID: 
PMC7908974.

15.	Haveri A, Smura T, Kuivanen S, Österlund P, Hepojoki J, Ikonen N, Pitkäpaasi M, 
Blomqvist S, Rönkkö E, Kantele A, Strandin T, Kallio-Kokko H, Mannonen L, Lap-
palainen M, Broas M, Jiang M, Siira L, Salminen M, Puumalainen T, Sane J, Melin 
M, Vapalahti O, Savolainen-Kopra C. Serological and molecular findings during 
SARS-CoV-2 infection: the first case study in Finland, January to February 2020. 
Euro Surveill. 2020;25(11). doi: 10.2807/1560-7917. ES.2020.25.11.2000266; PMCID: 
PMC7096774.

16.	Kantele A, Paajanen J, Pietilä J-P, Vapalahti O, Pakkanen SH, Lääveri T. Long 
COVID-associated symptoms prevalent in both SARS-CoV-2 positive and nega-
tive individuals: A prospective follow-up study. New Microbes and New Infections. 
2023:101209. doi: 10.1016/j.nmni.2023.101209.

17.	Sørensen AIV, Spiliopoulos L, Bager P, Nielsen NM, Hansen JV, Koch A, Meder 
IK, Ethelberg S, Hviid A. A nationwide questionnaire study of post-acute symp-
toms and health problems after SARS-CoV-2 infection in Denmark. Nat Commun. 
2022;13(1):4213. doi: 10.1038/s41467-022-31897-x; PMCID: PMC9302226.

18.	Havervall S, Rosell A, Phillipson M, Mangsbo SM, Nilsson P, Hober S, Thålin C. 
Symptoms and Functional Impairment Assessed 8 Months After Mild COVID-19 
Among Health Care Workers. JAMA. 2021;325(19):2015-6. doi: 10.1001/
jama.2021.5612; PMCID: PMC8027932.

https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.1098/rsif.2021.0153
http://dx.doi.org/10.1098/rsif.2021.0153
http://dx.doi.org/10.1016/j.coi.2022.102228
http://dx.doi.org/10.1016/j.coi.2022.102228
http://dx.doi.org/10.1016/j.vaccine.2021.02.046
http://dx.doi.org/10.1016/j.vaccine.2021.02.046
https://thl.fi/fi/web/infektiotaudit-ja-rokotukset/tietoa-rokotuksista/kansallinen-rokotusohjelma/rokotusohjelma-lapsille-ja-aikuisille
https://thl.fi/fi/web/infektiotaudit-ja-rokotukset/tietoa-rokotuksista/kansallinen-rokotusohjelma/rokotusohjelma-lapsille-ja-aikuisille
https://thl.fi/fi/web/infektiotaudit-ja-rokotukset/tietoa-rokotuksista/kansallinen-rokotusohjelma/rokotusohjelma-lapsille-ja-aikuisille
http://dx.doi.org/10.1038/s43856-022-00130-7
http://dx.doi.org/10.3390/v13020143
http://dx.doi.org/10.2807/1560-7917
http://dx.doi.org/10.1016/j.nmni.2023.101209
http://dx.doi.org/10.1038/s41467-022-31897-x
http://dx.doi.org/10.1001/jama.2021.5612
http://dx.doi.org/10.1001/jama.2021.5612


www.PaiJournal.com

Pathogens and Immunity - Vol 8, No 2� 87

19.	van der Klaauw AA, Horner EC, Pereyra-Gerber P, Agrawal U, Foster WS, Spencer S, 
Vergese B, Smith M, Henning E, Ramsay ID, Smith JA, Guillaume SM, Sharpe HJ, Hay 
IM, Thompson S, Innocentin S, Booth LH, Robertson C, McCowan C, Kerr S, Mul-
roney TE, O’Reilly MJ, Gurugama TP, Gurugama LP, Rust MA, Ferreira A, Ebrahimi S, 
Ceron-Gutierrez L, Scotucci J, Kronsteiner B, Dunachie SJ, Klenerman P, Consortium 
P, Park AJ, Rubino F, Lamikanra AA, Stark H, Kingston N, Estcourt L, Harvala H, 
Roberts DJ, Doffinger R, Linterman MA, Matheson NJ, Sheikh A, Farooqi IS, Thaven-
thiran JED. Accelerated waning of the humoral response to COVID-19 vaccines in 
obesity. Nat Med. 2023;29(5):1146-54. doi: 10.1038/s41591-023-02343-2; PMCID: 
7461480.

20.	de la Torre MC, Torán P, Serra-Prat M, Palomera E, Güell E, Vendrell E, Yébenes JC, 
Torres A, Almirall J. Serum levels of immunoglobulins and severity of community-ac-
quired pneumonia. BMJ Open Respir Res. 2016;3(1):e000152. doi: 10.1136/bmjre-
sp-2016-000152; PMCID: PMC5133423.

21.	Post N, Eddy D, Huntley C, van Schalkwyk MCI, Shrotri M, Leeman D, Rigby S, 
Williams SV, Bermingham WH, Kellam P, Maher J, Shields AM, Amirthalingam G, 
Peacock SJ, Ismail SA. Antibody response to SARS-CoV-2 infection in humans: A sys-
tematic review. PLoS One. 2020;15(12):e0244126. doi: 10.1371/journal.pone.0244126; 
PMCID: PMC7775097.

22.	Peter RS, Nieters A, Kräusslich H-G, Brockmann SO, Göpel S, Kindle G, Mer-
le U, Steinacker JM, Rothenbacher D, Kern WV, Group EPS. Post-acute sequel-
ae of covid-19 six to 12 months after infection: population based study. BMJ. 
2022;379:e071050. doi: 10.1136/bmj-2022-071050; PMCID: PMC9557001.

23.	Lam ICH, Wong CKH, Zhang R, Chui CSL, Lai FTT, Li X, Chan EWY, Luo H, Zhang 
Q, Man KKC, Cheung BMY, Tang SCW, Lau CS, Wan EYF, Wong ICK. Long-term 
post-acute sequelae of COVID-19 infection: a retrospective, multi-database cohort 
study in Hong Kong and the UK. EClinicalMedicine. 2023;60:102000. doi: 10.1016/j.
eclinm.2023.102000; PMCID: PMC10173760.

24.	Mankarious S, Lee M, Fischer S, Pyun KH, Ochs HD, Oxelius VA, Wedgwood RJ. The 
half-lives of IgG subclasses and specific antibodies in patients with primary immuno-
deficiency who are receiving intravenously administered immunoglobulin. J Lab Clin 
Med. 1988;112(5):634-40.

Footnotes
Submitted September 19, 2023 | January 16, 2024 | Published February 7, 2024

Copyright
Copyright © 2024 The Authors. This is an open-access article distributed under the terms of the 
Creative Commons Attribution 4.0 International License. 

https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.1038/s41591-023-02343-2
http://dx.doi.org/10.1136/bmjresp-2016-000152
http://dx.doi.org/10.1136/bmjresp-2016-000152
http://dx.doi.org/10.1371/journal.pone.0244126
http://dx.doi.org/10.1136/bmj-2022-071050
http://dx.doi.org/10.1016/j.eclinm.2023.102000
http://dx.doi.org/10.1016/j.eclinm.2023.102000

