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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)-y levels. At 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-y levels throughout the observation period. 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-y release assay was weak and nonsignificant in the healthy individuals, whereas it was
strong and significant in the immunocompromised patients. Furtherraore, 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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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a double-stranded
ribonucleic acid (RNA) virus that has a length of approximately 30,000 nucleotides. It
comprises the spike (S) protein, envelope, membrane, and nucleocapsid and enters the host cell
by binding between the S protein and angiotensin-converting enzyme 2 (ACE2) receptor [1].

The primary coronavirus disease 2019 (COVID-19) vaccines in South Korea are viral
vector vaccines (AstraZeneca and Janssen) and messenger RNA (mRNA) vaccines (Moderna
and Pfizer) [2,3]. Currently, the reported mortality rate among immunosuppressed solid organ
transplant recipients is 20% [4]. Moreover, the seroconversion rate at 1 month after receiving
the second dose of mMRNA vaccines in solid organ transplant recipients is low (124/367 persons;
33.8%). Therefore, increasing the vaccine dose or administering a third dose may be considered
for this population [5].

To determine the effects of the third COVID-19 vaccine dose in healthy adults and
patients with immunosuppression, including hematologic malignaiicy, solid cancer, rheumatoid
arthritis, and renal transplant patients, we compared the S protein-binding antibody titer,
interferon-y (IFN-y) levels, plaque reduction neutralization test (PRNT)sp titer, and surrogate
virus neutralization test (sSVNT) using a rapid kit before vaccination and at 1, 3, and 6 months

after vaccination.

2. Methods
Study design and patient population

This study enrolled healthy adults and immunosuppressed patients, including those
with hematological malignancies, solid cancer, or rheumatoid arthritis and renal transplant
recipients. We also collected data on patient characteristics, including sex, age, and type of
vaccine received. Blood samples were collected before and at 1, 3, and 6 months after the third
vaccination. All immune response analyses were performed at a single central laboratory by
the same trained investigator using patient samples collected from multiple institutions. Each
individual was vaccinated according to the government policies regarding age and vaccination
type. The methodology of this study followed the relevant guidelines and regulations stated in
the Methods section.

The inclusion criteria for the patients with solid or blood cancer were an age of >19 y,

a waiting period of 3 months + 4 weeks after receiving the second COVID-19 vaccine dose, a



daily activity performance score of 0—2 on the European Cooperative Oncology Group scale,
a waiting period of 3 months after hematopoietic stem cell transplantation, and a life
expectancy of >12 months. The inclusion criteria for the patients with rheumatoid arthritis were
an age of >19 y, a diagnosis with rheumatoid arthritis, a waiting period of 3—4 weeks after
receiving the second COVID-19 vaccine dose, and a stable administration of an antiarthritic
drug in the past 3 months. The inclusion criteria for the renal transplant recipients were an age
of >19 y and a waiting period of 3 months = 4 weeks after receiving the second COVID-19
vaccine dose. The inclusion criteria for the healthy adults were an age of>19 y and the absence
of a COVID-19 infection. Written informed consent was obtained from all the participants. The
exclusion criteria were severe allergic reaction or thrombosis after receiving the COVID-19
vaccine, suspected COVID-19 infection, untreated severe infectious diseases, suppressed bone
marrow (neutrophil count < 500/mm> or platelet count < 50,000/mm?), local hemostatic
abnormalities, and intravenous immunoglobulin administration within the past 28 d. This
multicenter observational study was conducted at Chosun University Hospital, with Chonnam
National University Hospital, Chonnam National University Hwasun Hospital, Asan Medical
Center, and Samsung Medical Center participating as collaborating institutions. This study was
conducted with the approval of the institutiona! review board of each center. The experimental

methods and statistical analyses are described in the supplementary files.

Binding antibody analysis via electrocliemiluminescence 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-y 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-y release assay (IGRA) was performed using an enzyme-linked immunosorbent assay
(ELISA; CoviFERON ELISA, SD Biosensor, Suwon-si, Gyeonggi-do, South Korea). The IFN-
v levels induced by SARS-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



manufacturer, the participants were categorized into positive and negative groups, and the risk
factors were analyzed by comparing the participants’ characteristics. 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/KUMCO01/2020,
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 PRNTso, 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
(NADb) 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.
Following the manufacturer’s guideline, a cutoff of >30% (GenBody) was applied [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-y levels, and PRNT NAb



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.
Spearman’s rho was used to test the correlation between the PRNT titer and median percentage
of inhibition using the sSVNT 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’s exact test was used to compare the positivity rate of each test
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 liematologic malignancies, 75
had solid tumors, 47 had rheumatic diseases, and 45 were kidney transplant recipients). Due to
there being shortage of sVNT Kkits, 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 theurnatoid 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).



Binding antibody analysis via double-antigen indirect sandwich enzyme-linked
immunosorbent assay

The antibody responses after receiving the third COVID-19 vaccine dose were
consistently lower in the immunocompromised patients than in the healthy adults, as shown in
supplementary table 1 and figure 1. Before receiving the third dose, 100% of the healthy adults
were seropositive, compared with 93.1% of immunocompromised patients; the kidney
transplant recipients had the lowest seropositivity rate (73.3%) and median titer (8.5 U/mL, p
< 0.001). At 1 month post-vaccination, the seropositivity increased to above 95% in most
groups, except for the kidney transplant recipients (82.2%), who had persistently low titers
(566 U/mL, p <0.001). At 3 and 6 months post-vaccination, the seropositivity rate remained
high, except for the kidney transplant recipients, who demonstrated lower rates and titers
throughout the follow-up period (median 791.6 and 2229.5 U/mL, respectively; p <0.001 and
p =0.027, respectively). The correlation between baseline S antibodies and the response was
weak in the healthy adults at 1 month post-vaccination (r = 0.03), but it was stronger at 3 and
6 months (r=0.75 and r = 0.67, respectively). The immunocompromised patients demonstrated
significant and consistent correlations for all time points (i = 0.68-0.38, p < 0.0001), and the
strongest correlations were observed in the kidney transplant recipients (up to r = 0.77). This
suggests that baseline antibody levels reiiably predict the vaccine response in
immunocompromised individuals, especiaily in kidney transplant patients. This can be seen in

Supplementary Table 4.

T-cell immune response analysis via IFN-y release assay

S-specific IFN-y responses were significantly lower in 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 (<9%). At 1 month post-booster,
the IFN-y levels increased in all of the groups but remained significantly lower in the
immunocompromised patients (median of 0.52 IU/mL vs. 2.14 TU/mL; p < 0.001), with the
kidney transplant recipients exhibiting the lowest response (0.13 IU/mL). At 3 and 6 months,
the IFN-y 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-y levels (6-month median: 0.34 ITU/mL).

The correlation patterns between the baseline IFN-y level and post-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 rheumatoid arthritis patients’ correlation improved at 3
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-y 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 theumatoid 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



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 (©0.34 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 artbritis 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.



The relationship between T-lymphocyte and humoral responses

In healthy individuals, before vaccination, the correlation between antibodies and
IGRA was low and nonsignificant; however, after vaccination, the correlation began to increase,
although it was not always significant, especially within 1-3 months. In immunocompromised
patients and those with various serious medical conditions (such as hematologic cancer, solid
cancer, rheumatoid arthritis, and kidney transplantation), the correlation between S protein-
binding antibodies and the IGRA response was stronger and significant, particularly after
vaccination. This correlation tended to persist for up to 6 months after vaccination in the
immunocompromised group, indicating that the humoral immune response (antibodies) and
cellular immune response (IGRA) remain closely related over a relatively long period in this

group. These findings are presented in Supplementary Table 5.

4. Discussion
The Centers for Disease Control and Prevention notes that, although vaccine effectiveness
declines over time, it still protects against severe illness and death [11]. Although vaccine
responses have been studied in healthy and immunocompromised individuals [12,13], direct
comparisons between the two groups are limited
In this study, the immunocompromised patients achieved seropositivity after the third
dose. However, their antibody levels, especially those in the kidney transplant recipients,
remained significantly lower than those in the healthy adults. These findings are consistent with
those of Mazolla et al., who reported a lower seroconversion rate in solid organ transplant
recipients (28.6%) than in healthcare workers (100%) (p < 0.0001), with kidney transplant
recipients demonstrating the lowest rate (16.6%) [14]. Marion et. demonstrated that
seropositivity in solid organ transplant recipients increased from 1.4% to 33.8% after receiving
a second vaccine dose [5]. Consistent with this, Pedersen et al. reported an undetectable S-

specific antibody in kidney transplant patients at 4 weeks post-vaccination [15].
In the study by Monin et al., after receiving two doses of the BNT162b2 (Pfizer®)

vaccine, the seroconversion rate of healthy adults was 100%, that of patients with solid cancers
was 95%, and that of patients with hematologic cancers was 60%, with much lower neutralizing
activity in the third group [16]. Similarly, our study demonstrated that, at 1 month after the
third dose, the seropositivity rate reached 100% for patients with solid cancers and 98.2% for
patients with hematologic malignancies; however, the antibody titers remained significantly

lower in the latter group (p < 0.001). These results indicate that, although a third vaccine dose



boosts immune responses, patients with hematologic malignancies consistently exhibit weaker
responses than those with solid tumors.

Fernandez-Ruiz et al. demonstrated lower IFN-y levels in liver transplant recipients
than in healthy adults [15], and Pedersen et al. reported no detectable IFN-y in kidney transplant
patients after receiving a second vaccine dose. In this study, the [IFN-y levels were also assessed
before and at 1 month after the third dose, with the highest levels observed in healthy adults
and the lowest in kidney transplant recipients (supplementary table S2). Similarly, Monin et.
al. reported reduced T-cell responses in cancer patients after receiving two vaccine doses, with
stronger responses in those with solid tumors than in those with hematologic malignancies [5].
Consistent with these findings, immunocompromised patients, particularly those with blood
cancers and kidney transplants, had significantly lower IFN-y levels than healthy adults before
receiving a third vaccine dose. Although IFN-y levels increased post-booster in all groups,
patients with solid tumors maintained stronger responses, while those with blood cancers and
kidney transplants consistently exhibited the weakest responses over the 3—6-month follow-up
period.

This study confirmed a low Nab response in immunoccompromised patients, particularly
in kidney transplant recipients. Pedersen et. al. deinonstrated that PRNT titers in this patient
group remained below 1:4 at post-vaccination, indicating no NAb response [16]. Similarly,
prior to receiving a third vaccine dose, NADbs against the wild-type virus were detected in 73.3%
of immunocompromised patients, but only 24.4% responded to the Omicron variant, with none
detected in the kidney transplant recipients. At 1 month post-booster, the titers increased but
remained the lowest in this group (median: 1:1 vs. 1:64—1:1024 in the others). In contrast, the
patients with rheumatoid arthritis and solid cancers exhibited a stronger response. Monin et al.
also reported higher seroconversion rates and NAD activity in patients with solid cancers than
in those with hematological malignancies after receiving a second vaccine dose [17]. Our study
supports this finding, demonstrating that patients with solid cancers maintained higher antibody
titers and neutralization levels than did blood cancer patients for up to 6 months. The NAb
activity remained more stable against the wild-type strain, whereas responses to the Omicron
variant declined rapidly in the immunocompromised groups. Although the third vaccine dose
improved immunity across all groups, their responses varied. The kidney transplant recipients
consistently exhibited the weakest immunity, whereas the patients with solid cancers and those
with rheumatoid arthritis demonstrated a stronger level of immunity, underscoring the need for

tailored vaccination strategies. Indirect testing of Nabs using SVNT is limited to the wild-type



S protein and does not assess responses to newer variants, such as Omicron BA.4 or BA.5
[18,19]. Therefore, variant-specific sSVNTs are needed as these strains continue to circulate,
even among vaccinated individuals [21].

The Advisory Committee on Immunization Practices recommends the first and third
doses at a 28-d interval in immunosuppressed patients [20]. After two doses, seronegativity
rates in transplant recipients remained high (50-70%), but seroconversion improved after a
third dose, with side effects similar to earlier doses. This study also demonstrated enhanced
immunogenicity following a third vaccination in both the healthy and immunosuppressed
individuals. However, the responses in patients such as kidney transplant recipients remain
suboptimal, supporting the need for continued precautions and possibly additional vaccine
doses.

This study has several limitations. First, PRNTs titers were not available for all patients,
and sVNT based on the wild-type S protein could not assess the neutralization of Omicron.
Second, the IGRA kit used only wild-type and early variant antigens, limiting the evaluation
of T-cell responses to the Omicron variant. Third, as this was an observational study, the
participants were not randomized according to age, vaccine type, or prior COVID-19 infection
status, But the correlation between PRNT titer and inhibition rate from several recovered
patients can be seen in Supplementary Figures 1, 2 and 3, and Supplementary Tables 6 and 7.
Fourth, we lacked comparative data to assess whether the third dose provided sufficient
protection in the immunocoinpromised individuals, such as transplant recipients, compared
with the general population after two doses. Finally, owing to the limited sample size, the
responses could not be compared across different types of immunocompromised patients. In
conclusion, both the humoral and cellular immune responses improved at 1 month after
receiving the third vaccine dose in all of the groups, but the increase was significantly lower in

immunocompromised patients, especially in the kidney transplant recipients.
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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.

Figure 4. Surrogate virus 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 tiie third vaccination; D. 6 months after the

third vaccination.



(600°0=d:9-2°700°0 =d :p—¢ ‘100°0 > d :9—¢ ‘q—e 9159} suosredwos sydnnw ruoryuog)
dnoiS juaned pessarddnsounwwur yoes pue () synpe Ayieay usamiaq suosedwos wiojrad 03 pasn sem 1531 SITEM—TBISNIY UL, seue s
‘uorssaiddnsounwwr yym sjuaryed
pue synpe Ayj[eay oy uaamiaq suosuredwod wioy1ad 0] pasn a1om 1593 ) ASUIYA—UUBIA] U} 4, PUE 1S9) JOBXD S JOYSI] 10 159} drenbs-1yD) oy, 4

(%I°1¢) (%0) (%59) (%L'6) (%z1) o mws (%) N
vl 0 C € €3 ° ol dnois 1oy1Q
)
£100°0> (%9°5S) (%L06)  (%9°5€) (%09) £100°0 > (%6°85) % o% 69) (6N v
$C 6¢ o te cel 67 NIW/VNYW/YNYW
(%%8) (%¢°¢) (%60°09) (%€°$0) (%1°67) (%b0) (%) N
9 % St 61 SL [ VNIW/PV/PV
odA} uoneuIdOR A
* (o080 (065000 S ﬁwl (0'1L-05)  #x1000  (0°L9-ST6t) (s :w| MO “ULIPO
#%100°0 0'6¥ 01 0°'8S N - 085 SL'8T oSy
> 0'%9 Se
(
S€T0 (%C09) (%S°09) 9T % 1) (%T8S) T€ * (°69°19) 6S1 (%0°0¢) (%) N
* 8T 0 cmm roe 20070 ? 1T “1opuad S[eA
(€L
(sp=w (ss=u) (¢h
anfea (@) u (€y =W =u Q) anfea O1z=u —u)
-d onejuedsuen (p) shaypre p ©) Koueugiew o -d P (®) K SONSLISPEIELD
: 555:@5& JJUed . Qm_EOHQEOoOGSEEH
Kaupry : pIOS 130[01eWOH : yireoH

syuoned pastwodwosounwiwl pue AU3[eay pI[[OIUuS Y} JO soNsLIdoRIRyd orydersowa ‘| 9[qe .

sdqe ],



PR ( (00 © (€¢ © ( (00 © (0 (00 © (¢ © 00 x %6 (g (T 9 00 ( © (00 % syp
19T 19T g 09) ggp €T (e 000L (o090 00D oy 009 (000 00D ;e T69 ) 00D 66€ 666 -/ ¢) T (ppy SO op) 0006 ) 001 N e
L0 10 yorg TU9 e WOL yapse DOUL yor0 OLOL Yo D019 o190 OLOL yep JEL6 cpg EVEL 10 0< cpyy VBT yope SHEY opp JOL6 g9 OLOL 4y €
(&
KE o wk - (9sT'1 (08211 (09sT:1 (9sT:1 (8¥0T:T. 9sz1 (9gstiT % - (FTo1:1 _ oszrr O
T LI - N << N VI - B B 7 R T R
00 00 ¥9:1 08:1 96T:1 €l ¥8€:l 8TI:1 Y20I:1 00 TO 95Tl TUST  po soye
N W
uow
- (9 (g€ (00 00 (0 (00 (6 00« ( (8 (00 00 I
0sTI¥Pe (89 (1 €8¢ 001) 000 (9 O0L 001) 9€ (o 00D 0S6€SL (6 TIL) (68 (9 00D (o 00D o
00 10 ¢gcs €U/S 991 10T (gog OLOL (go'g O1/0T ¢og JOU/L (poo OL/OT  ( TOT @) €VEL 00 $0 g'gr) SWIE gpor SV/EY ¢g) OL/OL o) OL/OT
)ET/L )eie )01/0 )01/0 )o1/€ )01/0 )ET/E €1/0 _ swEl )8¥/S 01/0 01/0 /u
(&
o - . . (rzT (sLT1 (091:1 - @11 o« o« (sTOI - (e gerp O W
s T o 1) L B e B L -
00 00 €l 11 €l 911 00 10 Il 0'8:1 08TLT g oy
A (AT
« x« 0 (© @ (¢ o ¢ @ ¢ 0 @ @  z @« O 00 « «6 0O G 9 (¢ « (cc°c 0 (ccc 6
70$ 969 "001) 0°0) ‘I¥) €8S) "0S) 0000S ‘0F) 0009 '08) 07 °0E) 000L ‘69) L0S) 00) 001 680666 SLS HtOS 90 "€LS 991 8)9/¢ 991 8)9/S N ojeg
00 00 Cl/Tl TI/0 TI/S TI/L O1/S JoI/S OI/F )OI/9 01/8 01/C OI/S JO/L €1/6 €Iy €1/0 €I/ET 00 0< /€ #/11 /Tl +/€E )9/1 )9/1 /u
QA1) QAL A A AL} A QAL ° A AL AL ° A ° A
uo oAl 50. oAne tmo. aAne 1JISO, aAle 1}1SO oAle ﬁmo. dALe 131SO oAne ﬁmo. Ane 1}1SO uo oAl tmo. oAl ﬁmo. ADE 131SO Ane 1JISO,
ot p N d SoN " d SoN d N d SN - d 3N d SoN d SoN d ot p vdoN d vdoN d SoN d SoN d
5 M I
wo uorn . uox . - . uoIn . wo uorn . uox .
o pIIM - pIIM PO PIIM o pIIm o pIIM . pIIM
(c1=w
anpea-d suonejuejdsuen (0T = W) pSnLIYyLE (01 = u) ,10uLd (c1=u) n_\mo:m:w:mE anjea-d (sp) (or=u)
Kaupry| projewnayy pios 9130[07RWAH jsoy pastwoldwooountuuy AIeOH

"asuodsal 9AIsod © paIopISUOd Sem §:| JO

an[ea jjond v -jurtod awny Jad pue dnou3 1od siopuodsal Jo toquinu pue ‘sasuodsal oane3au pue aanisod Jo aFejusorad (a3ues 9[rrenbiojur) 1o
UeIpaW QY] St passaldxa aie sjnsal oy “(UOIIBUIdIRA PIIY} QY] JOYE SYIUOW g PUB € Je pue 210Jdq SISOy pasiwoldwodsounwil pue synpe Ayjjeay
woJJ BISS AU} UO Js9) Uonjezijensnau uononpal anbejd oYy Juisn painsedw a1om surojoid uosoiwo pue adA3-pim jsurese syl Apoqrue JuizijennaN
"s1013 Apoquue SulZijesnau ay) Jo suly "7 dqeL



‘(IO ‘uerpaw) elRp [BOLIOWNU SUIsn (06S°0 = d 198 ‘(780 = d :p—2 STy’ 0 = d 298 ‘y67° 0 = d :q—® JdYe syuow 9 {1000 > d

2B OP60=d PR ‘CC1'0=d:9-8 ‘000 = d :q—® JAYB SYIUOW € {[00°0>d 2 1870=d P8 ‘1200 =d :9-8 ‘7000 = d :q—® :Joye ypuow | {0100 =4d :p
-2 100°0 > d 19—, ‘0. ‘q—e :UOIIBUIIIBA PIIY} A} 210J2q 159 suosLiedwos ojdnniu wworgyuog) synpe Ayljeay pue syuoned passaiddnsounwwi ur uogeurddeA
Py} oY) JAY e [UOW | pue a10Jaq Surpulq urajord ayids JoJ siajn Apoqnue usamiaq suostreduwod wiograd 01 pasn sem 1531 SIIE M—TENSOIY QUL 4y 5

"((4O1) 98ues

amaenbiajur ‘uerpaw) eiep redrrswnu ursn sdnoid passarddnsountutur pue Ayieay ) Uaamiaq suostredwod uoprad 01 pasn sem 159) () ASUNYM—UURIA QYL 4 4
"((%) N/u) eiep [edLi0321e0

Buisn sdnoud pasiwosdwosounwwi ay) Suowre pue sdnois passarddnsounwuwir pue Ayi[eay 3y} Uddamiaq suosLiedwod wioyiad 01 pash sem 153 JoBXd S IAYSI]

¢
(968 : : : : : 0
ok 1y BILTED (0r91-TD) @181 oy OSTL gerp ey @IS or 0 o1 I8 (pogpy  @OIBT
$98496 1 T-1: 1 b2ET o8z TID . 1) Sl €STD Loz shl 811 9T 69€ 1)y aoye
L0 S0 9%:1 9LIT 1 95T:1 0¥9:1 9sT:1 66T 1ps s
N puow
9
001 coc C w9 © o © (o 0000 © o © ©o © @ © (@ oz C @1 C ors C 00 C © @
€0 £0 EEEE 9)z1/8 0'ST ¢1)zi/6 0°0€ 001/ 000 Dor/o1 0°0€ 02)01/2 001 06)01/6 00T 08)01/8 0D 06)01/6 0°0 S0 8D L)zh/og 0611 g)zp/Le 00°0 001)6/6 000 001)6/6 IN
N 4viz Tu/e )O1/€ )01/0 )O1/€ )O1/1 )01/T 01/1 (424! YTw/s )6/0 )6/0 /u
(&
(s : 17 ©
o e o 1) OSTIOLD (PTOTI-TID) (zors:1 e @si1-—eD @el1-1:D) Gorl-g6D) Fo ¥ GTlI-1:D  (89L:1-19:D)  (091-82) (bzor:t D
per AL * X wer T T w6l el izl AT g LSt po:1 T
00 00 ¢ €171 10 00 LOST  ps

N Joye




A v s NH o1 AyyesH
1 1 1 1 1 1 10
(
8°0 4o uns — — 1
) “ &
m o1 o
53
- =
s [\ 001 =
5 & g 2
. | |- 0001 -
() 5\ o
-
= A - widnea [ 00001
L s gw., ,,z%._ PR T rimeies oon
L J — 000001}

TONEUAINIBA PAIY) Y} Jd}Je sypuont g *(q

1A vy 28 WH o1 Auyeay
L L 1 1 1 L WO
2%54 T ) EXTITRRITRIN Y
0L z
, g
| koot 2
t [
. 3
oook T
ope oo % k—’ - 00001
Lg=u Tr=anmsod L= £5s e.q.S og=anzsod pry——
iy = o i
_ . | 000004

UONBUIIIBA PAIY) 21} 1d)JE Yjuow | g

A vy os NH o1 AylleaH
1 1 1 L L 1 F.Q
80 Ho-una - L
- oL =
=
—00L =
s
3
W —0001L e
) = d mn_]nz__aon ,.N‘uz.iun Icoac F
" I " “ — 000001
UONBUIIBA PIAIY) Y] JI)JE SYJUOU € *7)
1 vd os WH 2l Ayyeay
'} 1 L L 1 il F-O
o T s lasen [ ST |
. w |
w q B -0l z
H &
E : 0oL 2
o 3
(3 y fooor E
anuanhﬂmnn Epmaamsod . «m,umi_,ua LOZ=RasOd r-u_u“u,wot B roc F
w _
—— ~ _, Looooor

uoneuIdILA paIy) ) 10Jog 'V



Ee] vH % L] 2 v £ WH Bl Hapieoy
i 4 i vos—umim . + 4l 5 I V¥ 0S5 WH Ol A
z
5 0
. i t T 2 I H 5 E)
L a1 = z 3
- s H z E
. R i . L g z
. - N =
. L] - - L s f s,
. LS. - - L = -
i 5 2 & e
SNIIA ucIDJWQ N o S e =
IN - dS JuBLIE, -
[N - dS JUELEA 1IN - dS |euiBuo
UONBUIIIBA PATY) A} JJJE STPUOW § “(]
= his u_m - S a._w.x hw_ aW u_m J: w_ _E.__Ez ¥ wd 98 WH 01 fween
i wd 95 WH 9l Auieay
z =t pr. u
: N B . S S
[T L TRIE RITNEIIT Sitereelt MIITERE! Tttt L TR LR o ] ERUPENGe e easast s et raraeesnreann PTTITrY W sessmnsaansane s : &
"z . - T F il it ) 3
ale £ 1 i - Lee =2 = . 3 m 5 S W
- g2 . o e mm i . = e . £
2 , = e HE . o Lo 2% s E §
. - oz f U = E! 2
= = [ == SEIN :
. - roor . - -2is o - -
. . e .. ™~ - vzol -
. b e = = B —1 = "
) : - L ssor - L _
SNJIA UoIDIQ g 1IN - dS JuBuEA
" snua ensaouy N - dS 1euiBuo
UOEUIIIEA PN} AN JANE SYHUOW § 1) UOIJEUIIIEA PAIY) AY) I2JJE SUOW § )
o ow %8 o
y f y i
ST yowol i o
] L]
o +
ote z JE
. 5 i
ofs i =
- - . .
= = I iy - kel 0k
b fre gz X
JueueA uoIDILQ P
SnuiA [eRsasuy lIN - dS [euibuO
UOLIBUIIORA PAILYI Y3 J3E YIUow T °
UOLEUIIIEA PAIY) J1) JJE yjuoul | 'g PAI3 343 5ye 4 T
BN 3E W o e
B A R i o ez i - S seounnst :fo E.s!!...q:-*.!:ﬁ:-ﬂ.:.%.{ oo [0
N H H & ; ; : sw
v v H Do . z
i T T S (o SOV RIS ROTSY S PO W . I ! £ 3
. . Lot 2 - $ o F ..,w < IS w
. L SO 1= w5 2 i H
. - |-vo M i ] MM
. o e L T o = edes fw CE :
i e, g = = < ! S
Lo o - s o = -0t
o e _—
. . - vzos v _—
S S e . . o i —— —
——— = i = i [ e—

wepeAuosowo sruin [easeauy 1N-d§ ueneA 1IN - dS [ewBLO

UONRUIDIBA PN I 210J0g "V UOREUIIIEA PIIY] BY] B10J39 Y



i vy 2s WH a1 AuyiesH
' L L L L 0
:
_ -02
=
%s) " -0V
| I -09
F ]
A LAAALL
c?‘oz_;en Zy=oAysog 65=0AV80g mwz‘e.e«_ 281 =8as0g i1Z=anusog -00L
s s o o o
b - i -0zL
! |
r 1
kKK

% uoniqiyuj

UOIIBUIIIBA PAIY) Y} Sypuow € *)

o \a 98 WH ol >£_.ao_._ I vy 2s ol Auesy
0 1 L 1 L 1 0
| .-w-c 4
0z - M »..... 0z
o 'y o
%0E< O-UID" * * (R [RES (WA, | SEseeae) WOE< O+ o ol e eoee I} ... ... . 1. ...
5 1 -0
- 01 5 N
| 3 ¥
E y
m oo 2 00
§ E]
3 08
-og °
; ey s 004
- L.ls it Gled S oot ;
o “.z ik 2N “ :w“z — Loz1
HAk K -0Z}
||
*%
k | L
*AAk . rx -
! Rk _

UONBUIIIBA PIIY) YY) 19)Je Yjuowi | °g

% uonqIyu

UOIJBUIIBA PAIY) Y} 210Jdg 'V



