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Abstract

This study evaluated the antibody and cellular immune responses before and after the third 
dose of the coronavirus disease 2019 (COVID-19) vaccine in healthy individuals and 
immunocompromised patients. At baseline, the healthy individuals exhibited 100% 



seropositivity rate with significantly higher antibody titers compared to immunocompromised 
patients, who exhibited a lower seropositivity rate (>90%) and markedly reduced antibody 
levels. Among the immunocompromised subgroups, kidney transplantation (KT) recipients 
had the lowest seropositivity rate (73.3%) and significantly lower antibody titers than patients 
with rheumatoid arthritis, whose responses were comparable to those of the healthy individuals. 
Following the third vaccine dose, all groups demonstrated an increased seropositivity rate; 
however, the KT patients continued to exhibit significantly lower antibody titers and interferon 
(IFN)- 6 months post-vaccination, approximately 93.2% of the KT recipients 
remained seropositive; however, their median antibody titers and neutralizing activity 
remained significantly lower than those of the other groups. T-cell responses were also 
substantially reduced in the immunocompromised individuals, particularly in the KT recipients, 
who consistently exhibited the lowest IFN- Among 
all groups and time points, neutralizing antibodies against the Omicron variant were lower than 
those against the wild-type virus, with the KT recipients demonstrating almost zero neutralizing 
activity against Omicron, even after receiving the booster dose. Although the third dose 
improved the immune responses of most of the immunocompromised subgroups, the KT 
recipients consistently exhibited weak antibody and T-cell responses, especially against 
Omicron, even after receiving the booster dose. The correlation between antibodies and the 
IFN- release assay was weak and nonsignificant in the healthy individuals, whereas it was 
strong and significant in the immunocompromised patients. Furthermore, the baseline immune 
parameters were more predictive of post-vaccination responses in the high-risk individuals than
they were in the healthy controls.
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Binding antibody analysis via electrochemiluminescence immunoassay

Elecsys® anti-SARS-CoV-2 (Roche Diagnostics, Mannheim, Germany) is a 

commercial electrochemiluminescence immunoassay used to measure the immunoglobulin G 

antibody titer against its reaction with the receptor-binding domain of the S protein of SARS-

CoV-2, as previously described. It has a measuring range of 0.4 250 U/mL (up to 2500 U/mL 

with onboard 1:10 dilution and up to 12500 U/mL with onboard 1:50 dilution). Values higher 

than 0.8 U/mL were considered positive [6].

T-cell immune response analysis via IFN- release assay

To investigate the cellular immune responses in both healthy and 

immunocompromised patients after receiving the third dose of the anti-SARS-CoV-2 vaccine, 

an IFN- e assay (IGRA) was performed using an enzyme-linked immunosorbent assay 

(ELISA; CoviFERON ELISA, SD Biosensor, Suwon-si, Gyeonggi-do, South Korea). The IFN-

-CoV-2 wild-type/alpha S protein (SP) and SARS-CoV-2 

beta/gamma SP have been measured [7]. Based on the 0.25 U/mL cutoff recommended by the 
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manufacturer, the participants were categorized into positive and negative groups, and the risk 

factors were analyzed by comparing the All immune response 

analyses were performed at a single central laboratory by the same trained investigator using 

patient samples collected from multiple institutions.

Neutralizing antibody assay

Neutralizing antibody assay to assess the neutralizing antibody titer against SARS-

CoV-2 in both healthy and immunocommpromised patients after receiving three doses of the 

vaccine, PRNT was performed using Vero E6 cells (Cercopithecus aethiops kidney epithelial 

cells, CRL-1586, ATCC). The neutralizing antibody titer was measured against the SARS-

CoV-2 wild-type (V clade [B lineage], isolated hCoV-19/South Korea/KUMC01/2020, 

GISAID accession no. EPI_ISL_413017) and Omicron variant (GR clade [B.1.1.529 lineage]), 

and isolated hCoV-19/Korea/KDCA447321/2021 variant (accession no. NCCP43408) was 

purchased from the Korea Disease Control and Prevention Agency. The PRNT50, the level at 

which SARS-CoV-2 proliferation is suppressed by 50%, was defined as the neutralizing 

antibody titer [8]. The participants were categorized into positive and negative groups using a 

cutoff of 1:8, and the risk factors were analyzed by comparing their characteristics [9].

Neutralizing antibody titer analysis using the GenBody rapid kit

The GenBody fluorescence immunoassay (FIA) COVID-19 neutralizing antibody 

(NAb) kit (GenBody, Cheonan-si, Chungcheongnam-do, South Korea) was used to perform

the surrogate virus neutralizing test (sVNT). The GenBody sVNT is a type of 

fluoroimmunoassay used to measure the inhibition of RBDACE2 binding based on the 

antibody-mediated blockage of the interaction between ACE2 and wild-type SARS-CoV-2 SP. 

of [10].

Statistical analysis

Demographic characteristics were compared between the healthy adults and 

immunocompromised group and among the subgroups of immunocompromised patients using 

the chi-square test for sex and vaccine type, while the median age (interquartile range) was 

compared between the healthy adults and immunocompromised group and among the 

subgroups of immunocompromised patients using analysis of variance. The Mann Whitney U 

test was used to compare the S protein-binding antibody titers, IFN- NAb
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titers for the wild-type and Omicron SARS-CoV-2 variants between the healthy adults and 

immunocompromised patient group, as well as among the subgroups of immunocompromised 

patients, at each time phase, specifically before and at 1 month after the third vaccination. 

of inhibition using the sVNT and initial value, as well as the correlation between the humoral 

and cellular immune responses before the third vaccination and at 1, 3, and 6 months after the 

third vaccination. Fisher

between the healthy and immunocompromised patients and among the immunocompromised

subgroups. The data were analyzed using GraphPad Prism, version 8.0.1 (GraphPad Software, 

USA), and Statistical Product and Service Solutions, version 26 (IBM, USA).

3. Results

A total of 392 individuals were screened, among which 369 participants were recruited. 

Of these, two dropped out, resulting in 367 participants enrolling in the study. Among them, 

144 were healthy, and 223 were immunocompromised (56 had hematologic malignancies, 75 

had solid tumors, 47 had rheumatic diseases, and 45 were kidney transplant recipients). Due to 

there being shortage of sVNT kits, the analysis included only the participants who underwent

testing using all three assays: the binding antibody assay, IGRA, and sVNT. The participants 

included 42 healthy individuals, 55 patients with hematological malignancies, 73 patients with 

solid cancers, 43 patients with rheumatoid arthritis, and 45 kidney transplant recipients.

Demographic characteristics

A significant difference in sex was observed between the healthy adult group and the 

immunocompromised group (p = 0.002) but not among the immunocompromised subgroups

(p = 0.235). Furthermore, a significant difference (p = 0.001) was observed in the type of 

vaccine, with mRNA/mRNA/mRNA being the most commonly administered type. This trend 

was observed in the immunocompromised subgroups, except for the solid cancer group, in 

which the most common vaccine regimen was Ad/Ad/mRNA. 1. The mRNA-based vaccines 

include those manufactured by Pfizer-BioNTech (BNT162b2/Comirnaty) and Moderna 

(mRNA-1273/Spikevax). Viral vector vaccines (nonreplicating) include those manufactured 

by AstraZeneca (AZD1222/Vaxzevria) and Janssen (Johnson & Johnson/Ad26.COV2.S).

Additionally, the median age of the immunocompromised group was greater than that of the 

healthy adults (Table 1). 
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T-cell immune response analysis via IFN- release assay

S-specific IFN- the immunocompromised 

patients than in the healthy adults at all time points, as shown in supplementary table 2 and 

figure 2. Before receiving the third vaccine dose, the T-cell responses to both wild-type and 

variant S proteins were especially low in the immunocompromised groups, with the kidney 

transplant recipients exhibiting the weakest seropositivity rate At 1 month post-booster,

the IFN- increased in all of the groups but remained significantly lower in the

immunocompromised patients (median of 0.52 IU/mL vs. 2.14 IU/mL; p < 0.001), with the 

kidney transplant recipients exhibiting the lowest response (0.13 IU/mL). At 3 and 6 months, 

the IFN- level declined across all of the groups but remained high in the healthy individuals. 

Among the immunocompromised patients, the patients with rheumatoid arthritis and patients 



with solid cancer had relatively better responses, whereas the transplant recipients exhibited

persistently low IFN- levels (6-month median: 0.34 IU/mL).

The correlation patterns between the baseline IFN- -vaccine response 

differed among the groups. The healthy individuals demonstrated a higher and significant 

correlation for the S variant (r = 0.63 0.81, p = 0.001) than for the original S, which had 

moderate, sometimes nonsignificant correlations. In the immunocompromised patients, the 

correlations were more stable and significant mainly for the original S (r = 0.33 0.43; p < 

0.0001). The patients with hematological cancer and those with solid cancer had consistent 

correlations for both S types; the 

months (r = 0.48; p = 0.007). The kidney transplant patients demonstrated weak, nonsignificant 

correlations, especially at 6 months (r < 0.3), reflecting their poor cellular immunity. Overall, 

the baseline IFN- level can predict the post-vaccine cellular immune response, but its 

reliability depends on the immune status of the individual and underlying disease, as shown in 

Supplementary table 4.

Neutralizing antibody titers

The neutralizing antibody responses to the wild-type virus were consistently higher 

than those to the omicron virus across all groups and time points, as shown in table 2 and figure 

3. Before receiving the third vaccine dose, most of the immunocompromised patients had a 

detectable level of neutralization against the wild-type virus (73.3%) but a much lower level

against the Omicron variant (24.4%), with the kidney transplant recipients showing no 

neutralization. At 1 month post-booster, the titers increased for all of the groups but remained 

lower against the Omicron variant, especially in the kidney transplant patients (median of 1:1 

vs. 1:64 1:1024 in the others). Only the patients with rheumatoid arthritis and solid tumors 

demonstrated a significant increase. At 3 and 6 months, the Omicron neutralization declined 

faster than the wild-type, particularly in the immunocompromised individuals, with the kidney 

transplant recipients consistently demonstrating the lowest decline. The correlation between 

the baseline neutralizing antibody response (PRNT) and post-vaccine response varied: the 

healthy individuals exhibited a fairly strong but nonsignificant correlation against the wild-

type virus at 6 months (r = 0.71), while the immunocompromised patients had significant 

correlations over time (r = 0.49 0.62; p < 0.05). The patients with rheumatoid arthritis had the 

strongest correlation with the wild-type virus (r = 0.88; p = 0.002), whereas the cancer and 

transplant patients demonstrated weaker correlations. For the Omicron variant, the correlations 

Omicron

and underlying diseaseand underlying disease

The neutralizing antibody responses to the wildThe neutralizing antibody responses to the wild

virus across all groups and time pointsvirus across all groups and time points

vaccine vaccine dose, most dose, most 

neutralization against the wildneutralization against the wild

variantvariant

month postmonth post



were generally weaker; only the immunocompromised patients demonstrated a significant 

correlation at 1 month (r = 0.52; p = 0.0004), which declined by 6 months. The strongest

correlation was demonstrated in the patients with rheumatoid arthritis (r = 0.72; p = 0.027). 

Overall, the baseline antibody levels predicted responses to the wild type virus better than they 

did to the Omicron variant, especially in the immunocompromised groups These findings are 

presented in Supplementary Table 4.

Neutralizing antibody titer analysis using the GenBody rapid kit 

Before the third vaccination, the healthy individuals had a significantly higher 

seropositivity rate (97.56%) than the immunocompromised patients (62.5%) (p < 0.0001). 

Among the immunocompromised subgroups, the seropositivity rates varied as follows: 

hematologic malignancy (72.73%), solid cancer (61.64%), rheumatoid arthritis (86.05%), and 

kidney transplantation (28.89%) (p < 0.0001), as shown in supplementary table 3 and figure 4. 

The median antibody titers were the highest in the healthy individuals (90.34 U/mL) and lowest 

in the kidney transplant recipients (13.15 U/mL; p < 0.001). At 1 month post-vaccination, 

seropositivity rate increased to 100% in healthy and 87.79% in immunocompromised patients 

(p = 0.0854), with the patients with rheumatoid arthritis exhibiting the highest response (100 %), 

and the kidney transplant recipients exhibiting the lowest response (64.44 %) (p < 0.0001). The 

titers remained the highest in the healthy individuals (98.67 U/mL) and lowest in the the kidney 

transplant group (64.92 U/mL; p < 0.001). By 3 months, the seropositivity of the healthy 

individuals reached 100% and that of the immunocompromised patients reached 92.86% (p = 

0.3709), and there was significant variation among the subgroups (p < 0.0075). The lowest 

titers were again seen in the kidney transplant recipients (81.36 U/mL), and the highest titers 

were exhibited in the patients with rheumatoid arthritis (98.88 U/mL; p < 0.001). Neutralizing 

activity assessed by the sVNT demonstrated no significant changes in the healthy individuals 

from baseline to 1 month (r = 0.36, p = 0.118) or 3 months (r = 0.28, p = 0.232). In contrast, 

the immunocompromised patients demonstrated significant increases at both time points (r = 

0.49 and r = 0.53; p < 0.0001). Within the subgroups, solid cancer and kidney transplant 

recipients demonstrated consistent and significant improvements (r = 0.54 and 0.59, 

respectively). Patients with hematologic malignancies demonstrated a delayed significance, 

whereas the patients with rheumatoid arthritis exhibited no significant change in sVNT 

inhibition. The correlations supporting these findings are presented in Supplementary Table 4. 
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4. Discussion
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Figure legends

Figure 1. Anti-spike protein antibody responses to a third vaccination in immunosuppressed 

patients and healthy adults. A. Before the third vaccination; B. 1 month after the 

third vaccination; C. 3 months after the third vaccination; D. 6 months after the 

third vaccination.

Figure 2. Spike-specific T-cell responses to a third vaccination in immunosuppressed patients 

and healthy adults. A. Before the third vaccination; B. 1 month after the third vaccination; C. 

3 months after the third vaccination; D. 6 months after the third vaccination.

Figure 3. Plaque reduction neutralization test-neutralizing antibody titers to a third vaccination 

in immunocompromised patients and healthy adults. A. Before the third vaccination; B. 1 

month after the third vaccination; C. 3 months after the third vaccination; D. 6 months after the 

third vaccination.














