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Assessing the functional activity of vaccine-induced antibodies is critical for evaluating
immunogenicity. We developed and validated antibody-dependent cellular phagocytosis (ADCP) and
antibody-dependent cellular cytotoxicity (ADCC) assays to quantify Fc-mediated antibody responses
elicited by varicella and zoster vaccines. Both assays demonstrated robust performance and broad
linearity. Antibody titers were measured using fluorescent antibody to membrane antigen (FAMA) and
ELISA. ADCP and ADCC activities, along with FAMA and ELISA geometric mean titers (GMTs), were
significantly increased in post- versus pre-vaccination sera (p < 0.0001). Strong correlations were
observed between ADCP and ADCC activities and both FAMA and ELISA GMTs. Although children
exhibited lower total varicella-zoster virus-specific IgG levels than adults, higher IgG3 subclass levels
in children were associated with comparable Fc-mediated activities. These results highlight the utility
of ADCP and ADCC as valuable assays for evaluating Fc-mediated antibody function and as potential
surrogates of protective immunity to varicella and zoster vaccination.

Varicella (chickenpox) and herpes zoster (HZ) are distinct clinical mani-
festations caused by the varicella-zoster virus (VZV), progressing from
primary infection and viral reactivation, respectively. During primary
infection, VZV spreads systemically through viremia, whereas HZ results
from viral reactivation in sensory ganglia, followed by spread along per-
ipheral nerves. These pathogenic differences imply distinct immune
mechanisms for protection and disease control. Antibodies targeting VZV
glycoproteins, which reflect neutralizing antibody activity, correlate strongly
with protection against varicella'. By contrast, such antibodies do not pre-
vent HZ, for which cellular immunity is critical®’. Notably, children with
isolated agammaglobulinemia are not prone to severe varicella’. However,
VZV-specific memory T cell responses after vaccination remain weak or
undetectable in children’. Severe or disseminated varicella has been reported
in individuals with natural killer (NK) or invariant NKT-cell deficiencies,

underscoring the importance of innate cellular immunity in controlling
infection””. Together, these findings suggest that clearance of VZV-infected
cells relies not only on T cells but also on cooperation between adaptive and
innate immune responses.

Fc effector functions, such as antibody-dependent cellular phagocytosis
(ADCP) and antibody-dependent cellular cytotoxicity (ADCC), enhance
the clearance of virus-infected cells'*"". These functions may be particularly
relevant for HZ, where the virus is presumed to evade neutralization'®,
Beyond Fab-mediated neutralization, antibodies exert their functions
through the Fc domain, which recruits and activates innate immune cells,
including macrophages and NK cells'"**. Fc-mediated effector functions
have been implicated in protection against diverse viral infections, including
herpes simplex virus-2 (HSV-2), dengue virus, respiratory syncytial virus
(RSV), SARS-CoV-2, Ebola, and influenza’"*’. Immunoglobulin G (IgG)
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subclasses also differ in their ability to mediate Fc effector activity, with IgG3
generally exhibiting greater potency than IgG1™. Differential subclass
responses have been reported in varicella and zoster infection™, suggesting
that host age and disease context may shape Fc-effector profiles.

Despite these insights, Fc-mediated antibody functions against VZV
remain poorly characterized, and no standardized assays are currently avail-
able for their evaluation. This gap limits our understanding of protective
immunity and hampers the development of reliable correlates of protection for
VZV vaccines. To address this, we established physiologically relevant
macrophage-based ADCP and NK cell-based ADCC assays and validated
their reproducibility and robustness. Then, we applied these assays to sera
from children and adults immunized with varicella and zoster vaccines,
respectively. In parallel, antibody levels were measured by fluorescent antibody
to membrane antigen (FAMA), ELISA, and IgG subclass analyses (Fig. 1).
Together, these data provide the most comprehensive characterization to date
of VZV-specific antibody functions across age groups and highlight their
potential as functional biomarkers for evaluating vaccine-induced immunity.

Results

Establishment of ADCP and ADCC assay to assess varicella and
zoster vaccine immunogenicity

We established an ADCP assay using carboxyfluorescein succinimidyl ester
(CFSE)-labeled VZV-infected MRC-5 cells as target cells, employing M1-
differentiated U937 cells as effector cells for evaluating human sera. To
optimize the experimental conditions, U937 cells were differentiated into
M1 macrophages using 20 ng/mL of each of PMA, LPS, and IFN-y (Sup-
plementary Fig. 1). The FcyRII (CD32) and FcyRI (CD64) were particularly
upregulated in differentiated M1-U937 cells compared with U937 cells
(Supplementary Fig. 2). These findings confirm that M1-U937 cells exhibit
an activated macrophage phenotype. The ADCP activity was quantified as
the percentage of CFSE"CD89" double-positive cells by flow cytometry
(Fig. 2a) and was further confirmed by confocal microscopy (Fig. 2b). Pre-
vaccination sera did not induce detectable phagocytosis, as indicated by the
absence of double-positive cells (Fig. 2b, left). In contrast, post-vaccination
sera promoted robust phagocytosis of VZV-infected target cells by effector
macrophages (Fig. 2b, right). For the ADCC assay, CMTMR-labeled VZV-
infected MRC-5 cells served as target cells, employing the no-GFP-
CD16.NK-92 cell line as an effector. Granzyme B (GrB)-uptake by target
cells (CMTMR'GrB* double-positive cells) was defined as the readout for
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ADCC detection (Fig. 2c). ADCC responses were also confirmed by con-
focal microscopy (Fig. 2d). Pre-vaccination sera induced negligible GrB
uptake (Fig. 2d, left), but post-vaccination sera facilitated efficient transfer of
GrB into target cells (Fig. 2d, right), confirming vaccine-induced Fc-
mediated functional antibody responses.

Optimization of both assays involved assessing the effector-to-target
(E:T) cell ratio, serum dilution, and the reaction time, using pre- and post-
vaccination sera. E:T ratios of 1:2 and 2:1 (for ADCP) or 1:1 and 1:2 (for
ADCC) were tested, followed by serial dilutions of sera at the optimal E:T
ratios (1:2 for ADCP and 1:1 for ADCC). Incubation times of 2, 3, 4, or
5 hours were also evaluated. The final protocol of ADCP assay was estab-
lished at an E:T ratio of 1:2, a 1:100 serum dilution, and a 4-hour incubation.
The ADCC assay was conducted using an E:T ratio of 1:1, a 1:100 serum
dilution, and a 4-hour incubation. (Supplementary Fig. 3, Supplementary
Table 1).

Validation of ADCP and ADCC assays

Comprehensive validation of the ADCP and ADCC assays was performed
using a VZV plasma panel together with pre- and post-VZV vaccination
sera (Supplementary Table 2). Lot-to-lot variability of VZV-infected MRC-
5 target cell stocks was assessed across three antibody concentrations. Given
the cell-based nature of these assays, a coefficient of variation (CV) below
30% was predefined as an acceptance criterion. The range of target-cell lot-
to-lot CVs was 1.0-5.8% for ADCP and 3.9-10.2% for ADCC, meeting this
criterion (Fig. 3a, b; Supplementary Tables 3, 4). Linearity was evaluated
using five serial dilutions of three samples. Simple linear regression analysis
showed very strong linearity across a broad range (ADCP 7 = 0.87-0.96;
ADCC 7 =0.87-0.97) (Fig. 3¢, d; Supplementary Tables 5, 6), supporting
accurate quantification across varying antibody concentrations. Intra-assay
precision was assessed by running five replicates of six panel samples on a
single plate. For ADCP, intra-assay CVs were 5.7-29.2% (Fig. 3e, Supple-
mentary Table 7) and ADCC intra-assay CVs were 3.0-27.9% across all six
panels, meeting the acceptance criterion at low, medium, and high levels
(Fig. 3f, Supplementary Table 8). Inter-assay precision was determined
across three independent runs on different days by two operators. Between-
operator CVs were 2.4-24.8% for ADCP (Fig. 3g, Supplementary Table 9)
and 3.1-25.8% for ADCC (Fig. 3h, Supplementary Table 10). Inter-day CV's
ranged from 4.2-19.8% for ADCP (Fig. 3i, Supplementary Table 11) and
0.1-29.3% for ADCC (Fig. 3j, Supplementary Table 12). Finally, inter-
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Fig. 1 | Study overview and workflow to quantify Fc-mediated effector functions
and humoral immunity to VZV after varicella and zoster vaccination.

a Schematic representation of ADCP and ADCC assays, highlighting key parameters
for assay optimization and validation. b Application of ADCP and ADCC to samples
from vaccinated children and adults, showing the workflow from sample collection

to flow cytometric readout. Assessment of humoral immunity was performed using
FAMA, VZV-specific IgG ELISA, and VZV-specific IgG subclass ELISA (IgGl1,
IgG3). LAV live attenuated varicella vaccine, RZV recombinant zoster vaccine, VZV
varicella-zoster virus, ZVL live attenuated zoster vaccine.
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Fig. 2 | ADCP and ADCC activities measured by flow cytometry with repre-
sentative confirmation by confocal microscopy. a Antibody-dependent cellular
phagocytosis (ADCP) quantified by flow cytometry. VZV-infected MRC-5 target cells
were labeled with CFSE and incubated with pre- (left panel) and post-varicella vacci-
nation (right panel) sera, and then incubated with effector M1-U937 cells. M1-U937
cells were stained with APC-conjugated anti-CD89 antibody. ADCP activity was
defined as the percentage of CFSE"CD89" double-positive cells. b Confocal images of
ADCP showing effector macrophages (red; anti-CD89-APC) containing CFSE-labeled
VZV-infected MRC-5 target cells (green). No double-positive cells were detected with
pre-varicella vaccination serum (left), whereas post-varicella vaccination serum

Blue: DAPI

induced efficient internalization of target cells into effector macrophages (right). Scale
bar, 30 um. ¢ Antibody-dependent cellular cytotoxicity (ADCC) quantified by flow
cytometry. VZV-infected MRC-5 target cells were labeled with CMTMR and incubated
with pre- (left) and post-varicella vaccination (right) sera, and then incubated with
effector NK cells. GrB was stained with FITC-conjugated anti-GrB antibody. ADCC
activity was expressed as the percentage of CMTMRGrB* target cells. d Confocal
images of CMTMR-labeled target cells (red) with internalized GrB (green) from
effector cells. Pre-vaccination serum showed negligible GrB uptake (left), whereas post-
vaccination serum promoted marked GrB internalization (right). Scale bar, 30 um.
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Fig. 3 | A series of validation experiments for the ADCP and ADCC assays. Lot-to-
lot consistency: ADCP (a) and ADCC (b) activities were evaluated using two inde-
pendent lots of VZV-infected MRC-5 target cell stocks, demonstrating consistent
results across different target cell lots. Linearity: Five-point, two-fold serial dilutions of
three representative sera were used to assess the linearity of the ADCP (c) and ADCC
(d) responses, demonstrating strong proportionality between antibody dilution levels
and Fc-mediated functional activities. Intra-assay precision: Repeatability of ADCP
(e) and ADCC (f) assays was assessed by five replicate measurements of six samples in
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a single run, confirming assay reliability under identical conditions. Inter-operator
(inter-personal) precision: ADCP (g) and ADCC (h) assays were performed inde-
pendently by two operators across three separate runs to evaluate variability attribu-
table to operator handling. Inter-day precision: Day-to-day reproducibility of ADCP
(i) and ADCC (j) assays was assessed by repeated experiments over three separate days
using the same set of samples. Inter-laboratory precision: ADCP (k) and ADCC (1)
assays were conducted in three independent laboratories using paired pre- and post-
vaccination sera to assess cross-site reproducibility.

laboratory testing across three laboratories using three paired pre-/post-
vaccination sera showed comparable readouts, with inter-lab CVs of
7.0-26.6% for ADCP and 7.6-26.7% for ADCC (Fig. 3k, I; Supplementary
Tables 13, 14). Together, these data indicate that the ADCP and ADCC

assays using VZV-infected MRC-5 target cells are robust and reproducible
across operators, days, and laboratories, and perform consistently across a
broad range of antibody levels, supporting their utility for Fc-mediated
antibody assessment in recipients of both varicella and zoster vaccines.
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Fig. 4 | VZV-specific Fc-mediated responses following VZV immunization were
measured by ADCP and ADCC assays. ADCP (a) and ADCC (b) activities mea-
sured in paired pre- and post-vaccination sera. GMFRs (post/pre) in ADCP (c) and
ADCC (d) responses. Sera were collected from individuals who received one dose of
BARYCELA (children, n = 23), one dose of VARIVAX (children, n = 25), one dose
of ZOSTAVAX (adults, n = 20), or two doses of SHINGRIX (adults, n = 20).
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Statistical analyses were performed using a paired t-test, Wilcoxon matched-pairs
signed-rank test, or the Kruskal —Wallis test with post hoc pairwise comparisons and
appropriate corrections. Significance levels are indicated as p < 0.05 (*), p < 0.01
(**), p <0.001 (¥**), p <0.0001 (****), and ns (not significant). Data are presented
as mean * SD, with error bars indicating SD; GMFR, geometric mean fold rise.

Varicella or zoster vaccination induced ADCP and ADCC
activities

Fc effector functions were evaluated using the ADCP and ADCC assays in
pre- and post-vaccination sera from recipients of varicella or zoster vaccines.
In the pre-vaccination sera of 1-year-old children receiving live attenuated
varicella vaccines (LAVs), BARYCELA or VARIVAX, ADCP and ADCC
activities were at baseline levels: BARYCELA (ADCP: 8.3%, ADCC: 11.3%)
and VARIVAX (ADCP: 7.8%, ADCC: 12.8%). However, these activities
significantly increased after a single dose of vaccination: BARYCELA
(ADCP: 34.3%, ADCC: 24.3%) and VARIVAX (ADCP: 34.1%, ADCC:
21.7%) (p < 0.0001; Fig. 4a, b; Supplementary Table 15).

Since most Korean adults already possess immunity to VZV, pre-
vaccination sera showed similar levels of ADCP and ADCC activities in the
two zoster vaccine (ZV) groups, ZOSTAVAX (ADCP: 27.0%, ADCC:
20.3%) and SHINGRIX (ADCP: 28.9%, ADCC: 24.8%). Post-vaccination
sera showed significant increases in ADCP and ADCC activities in ZOS-
TAVAX (ADCP: 40.8%, ADCC: 25.9%) after a single dose and SHINGRIX
(ADCP: 51.5%, ADCC: 31.9%) after two doses, compared to pre-
vaccination sera (p < 0.0001; Fig. 4a, b; Supplementary Table 15). A single
dose of LAVsin children showed comparable ADCP and ADCC activities to
a single dose of ZOSTAVAX in adults.

The geometric mean fold rises (GMFR) between pre- and post-
vaccination were as follows BARYCELA: ADCP (4.2-fold), ADCC (2.1-
fold), VARIVAX: ADCP (4.1-fold), ADCC (1.7-fold), ZOSTAVAX: ADCP
(1.6-fold), ADCC (1.3-fold), and SHINGRIX: ADCP (1.9-fold), ADCC (1.3-
fold). Therefore, there were no significant differences in fold changes
between BARYCELA and VARIVAX or between ZOSTAVAX and
SHINGRIX recipients (Fig. 4c, d; Supplementary Table 15).

Antibody titers measured by the FAMA test and ELISA

Antibody titers were measured by the FAMA test, the gold standard
method for the varicella vaccine-induced antibody titer, and ELISA.
The geometric mean titers (GMTSs) of FAMA in post-vaccination sera
for all four vaccine groups were significantly higher than those in pre-
vaccination sera (p <0.0001) (Fig. 5a). GMTs of pre-vaccinated chil-
dren’s sera (BARYCELA and VARIVAX) were negative levels (<2.2).
Post-BARYCELA GMT (153.4: ranging from 32 to 512) and post-
VARIVAX GMT (164.3: range, 32-1024) were significantly increased,
but there were no differences between two vaccines. The FAMA GMTs
of pre-vaccinated adults’ sera showed similar levels; pre-ZOSTAVAX
(78.8: range, 32-256) and pre-SHINGRIX (87.4: range, 32-256).
However, those of post-SHINGRIX (776.0: range, 256-2048) were
significantly higher than post-ZOSTAVAX (215.3: range, 64-512) (Fig.
5a, Supplementary Table 16).

Anti-VZV IgG ELISA antibody titers were measured using VZV IgG
Serion ELISA classic kit (detection range, 15-2000 mIU/mL). The GMTSs of
anti-VZV IgG ELISA antibodies in the post-vaccinated sera were sig-
nificantly elevated relative to pre-vaccination levels in all groups (p < 0.0001;
Fig. 5b). Most pre-vaccinated children’s sera were lower than the detection
limit; pre-BARYCELA GMT (0.8 mIU/mL: range, 0.1-32.0 mIU/mL) and
pre-VARIVAX GMT (0.4 mIU/mL: range, 0.01-24.8 mIU/mL). Post-
BARYCELA GMT (118.9 mIU/mL: range, 27.8-435.4 mIU/mL) and post-
VARIVAX GMT (139.2 mIU/mL: range, 37.5-893.2 mIU/mL) were sig-
nificantly increased, but there were no differences between the two vaccines
(Fig. 5b, Supplementary Table 17). The ELISA GMTs of pre-vaccinated
adults’ sera showed similar levels, pre-ZOSTAVAX GMT (520.1 mIU/mL:
range, 159.1-1484.4 mIU/mL) and pre-SHINGRIX GMT (609.6 mIU/mL:
range, 145.0-2176.0 mIU/mL). However, all of the post-SHINGRIX sam-
ples, the ELISA titers were over the detection limit; post-SHINGRIX GMT
(10,428.9 mIU/mL: range, 4561.4-36,355.9 mIU/mL) and significantly
higher than post-ZOSTAVAX GMT (1697.3 mIU/mL: range, 415.2-4599.2
mIU/mL) (Fig. 5b, Supplementary Table 17).

Differential expression of anti-VZV IgG1 and IgG3 in varicella-
vaccinated children and zoster-vaccinated adults

To characterize subclass-specific antibody responses induced by VZV
vaccination, IgG1 and IgG3, key mediators of ADCP and ADCC responses,
were quantified by ELISA. Distinct IgG subclass profiles were observed
between varicella-vaccinated children and zoster-vaccinated adults. Both
IgG1 and IgG3 antibody levels significantly increased after vaccination in all
groups (p <0.0001, Fig. 5¢, d). Analysis of IgG1 subclass GMFRs revealed
that children who received LAVs exhibited significantly lower increases:
BARYCELA (1.6) and VARIVAX (2.0), compared with adults vaccinated
with HZ vaccines, ZOSTAVAX (3.7) and SHINGRIX (7.3) (Fig. 5e, Sup-
plementary Table 18). Conversely, IgG3 subclass GMFRs were significantly
higher in children immunized with LAVs —BARYCELA (4.4) and VAR-
IVAX (5.5), than in adults vaccinated with ZOSTAVAX (1.4) or SHINGRIX
(1.6) (Fig. 5f, Supplementary Table 18). These findings indicate that first
exposure to varicella vaccination in children preferentially induces IgG3
responses, whereas adult zoster vaccination elicits a predominant IgG1
response.

In children, both IgG1 and IgG3 levels showed significant correla-
tions with ADCP, ADCC, FAMA titer, and ELISA titer. However, IgG3
exhibited stronger correlations with ADCP, ADCC, and FAMA titer
compared to IgG1 (Fig. 6a—h). Correlation coefficients (r) between IgG1
and ADCP, ADCC, and FAMA were 0.563 (p<0.0001), 0.340
(p <0.0012), and 0.545 (p < 0.0001), respectively (Fig. 6a—c). Whereas
those between IgG3 and the same parameters were higher, 0.804, 0.647,
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Fig. 5 | VZV-specific humoral immune responses before and after vaccination.
Paired pre- and post-vaccination sera were analyzed from individuals who received
one dose of BARYCELA (children, n = 23), one dose of VARIVAX (children,
n=25), one dose of ZOSTAVAX (adults, n = 20), or two doses of SHINGRIX
(adults, n =20). a FAMA geometric mean titers (GMTs). b VZV-specific IgG
antibody titers quantified using the Serion ELISA Classic VZV IgG kit. VZV -specific
IgG1 (c) and IgG3 (d) subclass levels measured by ELISA. GMFR comparisons of
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IgG1 (e) and IgG3 (f) responses in the four vaccine groups. Each dot represents an
individual participant; lines indicate medians. Statistical analyses were performed
using paired t-tests, Wilcoxon matched-pairs signed-rank tests, or the Kruskal
—Wallis test with post hoc pairwise comparisons with appropriate corrections.
Significance levels are indicated as p < 0.05 (¥), p <0.01 (¥*), p <0.001 (¥**),

P <0.0001 (****), and ns (not significant). Data are presented as mean + SD, with
error bars indicating SD; GMFR, geometric mean fold rise.

and 0.802, respectively (all with p <0.0001, Fig. 6e—g). However, the
correlations between ELISA titers and IgG1 (r = 0.775) or IgG3 (r = 0.744)
were comparable (Fig. 6d, h). In contrast, among zoster-vaccinated
adults, strong and significant correlations were found between IgG1 and
ADCP (r=0.856), ADCC (r = 0.698), FAMA titer (r = 0.939), and ELISA
titer (r = 0.791), all with p <0.0001 (Fig. 6i—1). However, the correlations
between IgG3 and these parameters were weak and not significant
(p > 0.05, Fig. 6m—p). These findings suggest that IgG3 may play a more
prominent role in vaccine-induced Fc-mediated antiviral functions in
children, whereas IgG1 appears to be more critical in adults.

Correlation between Fc-mediated antibody functions (ADCP,
ADCC) and antibody titers (FAMA, ELISA) across vaccine types
Pearson correlation analysis was performed to determine the relationships
between Fc-mediated antibody functions (ADCP and ADCC) and antibody
titers (FAMA and ELISA) across different vaccine types. Robust and sta-
tistically significant correlations were observed between ADCP activity and
FAMA titers across all vaccine groups: BARYCELA (r = 0.947), VARIVAX
(r=0.936), ZOSTAVAX (r = 0.809), and SHINGRIX (r = 0.885) (Fig. 7a-d;
all p<0.0001), indicating a very strong correlation between these two
immunological parameters. Similarly, ADCC activities were strongly cor-
related with FAMA titers in all vaccine groups: BARYCELA (r=0.837),
VARIVAX (r=0.705), ZOSTAVAX (r=0707), and SHINGRIX
(r=0.630) (Fig. 7e-h, all p <0.0001).

In contrast, correlations of ADCP and ADCC with ELISA titers were
relatively weaker than those with FAMA titers, though still statistically
significant. For ADCP, the correlations with ELISA were: BARYCELA
(r=0.890), VARIVAX (r=0.761), ZOSTAVAX (r=0.853, p <0.001), and
SHINGRIX (r=0.702) (Fig. 7i-l, all other p <0.0001). For ADCC, the
correlations with ELISA were: BARYCELA (r=0.823), VARIVAX
(r=0.500), ZOSTAVAX (r=0.667), and SHINGRIX (r=0.567) (Fig.
7m-p, all p < 0.0001). Moderate to very strong correlations were also noted
between ADCC and ADCP within each vaccine group; BARYCELA

(r=0.854), VARIVAX (r=0.632), ZOSTAVAX (r=0.655), and SHIN-
GRIX (r=10.748) (Fig. 7q-t, all p <0.0001).

In the overall VZV-vaccinated population, ADCP and ADCC activities
were strongly correlated with each other (r=0.806, p < 0.0001) and with
FAMA titers (ADCP: r = 0.917; ADCC: r = 0.806; both p < 0.0001) (Fig. 8a
—c). In comparison, their correlations with ELISA titers were moderate
(ADCP: r = 0.529; ADCC: r = 0.505; both p < 0.0001) (Fig. 84, e).

These findings demonstrate that ADCP and ADCC show stronger
correlations with FAMA titers than with gpELISA titers. Given that FAMA
titers represent a well-established correlate of protection (CoP) against
varicella and a sensitive surrogate of neutralizing antibody responses for
varicella vaccines, these findings suggest that Fc-mediated functional assays
capture not only the capacity to eliminate VZV-infected cells, but also
immunological information closely aligned with neutralizing antibody
activity.

Discussion

Varicella is a highly contagious infectious disease, and live attenuated
varicella vaccines have been incorporated into national immunization
programs in many developed countries”. Meanwhile, global demand
for varicella vaccines continues to grow, highlighting the importance of
accurate immunogenicity assessment. In addition, HZ remains a sig-
nificant global health concern, with increasing incidence and limited
vaccine availability”. Varicella-zoster virus (VZV) infection and reac-
tivation are controlled by multiple, non-redundant immune mechan-
isms, and each immunological readout captures a distinct layer of
vaccine-induced protection. During primary varicella infection, viral
dissemination occurs through both cell-free viral particles and T-
cell-associated viremia, in which infected T cells traffic virus to the
skin™. Consequently, neutralizing antibodies may not completely block
hematogenous spread but can limit extracellular virus and reduce
overall viral burden. In this context, observations that patients with
agammaglobulinemia do not progress to severe varicella® and that
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Fig. 6 | Correlation of ADCP, ADCC, FAMA, and ELISA titers with VZV-specific
IgG1 and IgG3 subclass levels in vaccinated individuals. Correlation analyses were
performed using pre- and post-vaccination sera from children who received varicella
vaccines (BARYCELA and VARIVAX) and adults who received zoster vaccines

(ZOSTAVAX and SHINGRIX). a-d Correlations between IgG1 levels and ADCP,

ADCC, FAMA titers, and ELISA titers in children. e-h Correlations between IgG3
levels and the same parameters in children. i-1 Correlations between IgG1 levels and
ADCP, ADCC, FAMA titers, and ELISA titers in adults. m—p Correlations between
IgG3 levels and the same parameters in adults. Pearson’s correlation coefficients (r)
and corresponding p values are shown in each panel.

children exhibit minimal VZV-specific T-cell responses™* suggest that
innate cellular immunity plays a critical role in protection. Clearance of
virus-infected cells, however, requires cell-mediated effector mechan-
isms. While cytotoxic T lymphocytes play a central role in eliminating
intracellular virus, T-cell immunity is relatively immature in young
children following primary varicella vaccination. Under these condi-
tions, Fc-mediated antibody functions that bridge humoral immunity
with innate effector cells become particularly important. Antibody-
dependent cellular cytotoxicity (ADCC) and antibody-dependent cel-
lular phagocytosis (ADCP), mediated by natural killer cells and mac-
rophages, may therefore contribute substantially to the elimination of
VZV-infected cells and to disease resolution in pediatric populations.
Therefore, it is important to evaluate the contribution of Fc-mediated
antibody functions in cooperation with innate immune effector cells
when assessing the protective efficacy of varicella vaccines.

HZ, caused by the reactivation of dormant VZV in the ganglia and
its spread via nerve fibers, cannot be prevented solely by neutralizing
antibodies. Instead, cellular immune responses play a critical role in
protection. Therefore, HZ vaccine-induced immunity has been assessed
not only by antibody titers but also through T-cell readouts, including
cytokine secretion (e.g., IFN-y, IL-2, and TNF-a) in PBMCs and the
frequency of polyfunctional CD4" and CD8" T cells**. However,
compared with other herpesviruses such as cytomegalovirus or herpes

simplex virus type 1, VZV is characterized by a relatively low frequency
of circulating memory T cells, even in adults". This limitation under-
scores that current cellular immune readouts may not fully reflect the
clearance of virus-infected cells, and contributes to the absence of a
definitive CoP for HZ vaccines, necessitating large-scale clinical follow-
up studies to assess their efficacy.

In this context, Fc-mediated antibody functions may represent an
important complementary mechanism of antiviral defense that interfaces
between humoral immunity and innate cellular responses. ADCP and
ADCC capture immune mechanisms not fully reflected by either neu-
tralizing antibody or T-cell-based assays alone and may therefore provide
mechanistically relevant insights into virus clearance. Supporting this
concept, Fc-mediated effector functions have been associated with
improved viral control or protection in multiple viral infections, including
HIV and SARS-CoV-2, and impaired ADCC and ADCP responses have
been linked to severe disease outcomes in humans and animal models**™*.
In a previous study on varicella, ADCC activity was detected earlier than
neutralizing antibody responses following natural infection or live atte-
nuated vaccine, suggesting a key role for Fc-mediated functions during the
early phase of VZV infection*’. While ADCC induction by zoster vaccina-
tion has been speculated'®, the capacity of the zoster vaccines to elicit ADCP
and ADCC has not been comprehensively evaluated using physiologically
relevant systems.
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Fig. 7 | Correlation of ADCP and ADCC activities with FAMA titers, ELISA
antibody titers, and between each other, stratified by vaccine type. Scatter plots
show the correlations between FAMA titers and ADCP (a—d) or ADCC (e—h),
between ELISA antibody titers and ADCP (i—1) or ADCC (m—p), and between
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To address this gap, we developed physiologically relevant ADCP and
ADCC assays using VZV-infected MRC-5 cells as target cells, employing
macrophages as effector cells for ADCP and NK cells for ADCC. This design
better reflects the complex antigenic profile of live attenuated VZV vaccines
(e.g, BARYCELA, VARIVAX, and ZOSTAVAX), which elicit antibodies
against multiple VZV antigens, thereby providing a broader assessment of
antibody functionality than gE-transfected systems.

Both ADCP and ADCC assays demonstrated high reproducibility and
robustness. Importantly, their activities correlated strongly with FAMA
titers, supporting their validity as functional surrogate markers for protec-
tive immunity to varicella. While FAMA primarily reflects the presence of
neutralizing antibodies, ADCP and ADCC capture mechanistically distinct
aspects of antiviral immunity by integrating antibody quality with the
capacity to recruit innate effector cells. Our key finding is that all tested VZV

vaccines elicited antibodies capable of mediating ADCP and ADCC against
VZV-infected target cells across vaccine platforms and age groups relevant
to their real-world, clinically approved use.

Interestingly, although the ELISA-based antibody concentrations were
significantly higher in adults vaccinated with zoster vaccines than in chil-
dren who received LAVs, Fc-mediated functions (ADCP and ADCC) were
comparable across the live attenuated vaccine platforms regardless of age.
This indicates that children generate antibodies with enhanced Fc-effector
functionality despite lower total IgG levels. IgG subclass analysis revealed
higher IgG3 and lower IgGl levels in children than in adults. This is con-
sistent with previous observations that varicella vaccination or primary
varicella infection in children elicits an IgG3-dominant response, whereas
adults with HZ exhibit an IgG1-dominant profile’**’. Age-related shifts in
IgG subclasses align with reports from other viral infections, including RSV
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and measles, where IgG3 predominates in young children but declines with
age™. The subclass-specific differences observed here reflect known dis-
tinctions in Fc receptor engagement on effector cells and the biological
activities of IgG subclasses™. In the RV144 vaccine trial, depletion of IgG3
antibodies significantly reduced ADCP and ADCC activities, underscoring
the importance of IgG3 in Fc-effector function™. Together, these data
illustrate how qualitative features of the humoral response, such as IgG
subclass composition, shape functional interactions with innate immune
cells and contribute to effective antiviral immunity across age groups.

The sample size was insufficient to assess the impact of demographic
characteristics beyond sex-based differences, such as age-dependent or
population-level variability. However, the sample size was sufficient for the
primary objectives of this study, which were the development and validation
of the ADCP and ADCC assays and the evaluation of their analytical
robustness and feasibility across different VZV vaccine platforms and
clinically relevant target populations. Second, we employed M1-
differentiated U937 cells or the No-GFP-CD16.NK-92 cell line as effector
cells rather than autologous innate immune cells from vaccinees. As a result,
we were unable to assess ADCP and ADCC activities mediated by the
vaccinees’ own effector cells. Nevertheless, the use of standardized effector
cell lines helps to minimize inter-individual variability, which is crucial for
evaluating vaccine-induced antibody functions in clinical trials.

We developed cell-based ADCP and ADCC assays that provide
physiologically relevant measures of Fc-mediated antibody function
against VZV. These assays correlated more strongly with FAMA titers
than with ELISA antibody levels. Children, despite lower overall IgG
levels, mounted potent IgG3-driven ADCP and ADCC activities com-
parable to adults. By integrating humoral antibody levels, Fc-mediated
effector functions, and innate cellular engagement, these findings
highlight the importance of antibody quality over quantity and suggest
that incorporating ADCP and ADCC assays alongside conventional
serological tests may provide a more comprehensive, mechanistic
assessment of VZV vaccine-induced immunity.

Methods
Ethics statement and Sera from vaccinees
Human specimens were obtained from pediatric LAV recipients enrolled in
the Phase 3 clinical trial of MG1111 (Thailand and South Korea, protocol
No. NCT03375502) and from adult ZOSTAVAX recipients (IRB file No.
YUH-12-0462) conducted in Yeungnam University Medical Center.
Written informed consent for secondary research use of banked specimens
was obtained from all participants or their legal guardians. Secondary use for
this study was approved by the Institutional Review Board of Yeungnam
University Medical Center (IRB No. YUMC 2023-04-034). Blood collection
from SHINGRIX recipients was approved by the Institutional Review Board
of Korea University Guro Hospital (IRB No. 2023GR0083). All samples
were de-identified prior to transfer. The study was conducted in accordance
with the Declaration of Helsinki, ICH E6(R2) Good Clinical Practice
guidelines, as well as applicable local regulatory and bioethics requirements.
Paired pre- and post-vaccination plasma/serum samples were obtained
from four cohorts representing the standard, clinically approved target
populations of licensed VZV vaccines: 1-year-old children who received a
single dose of LAV (BARYCELA® [GC Biopharma] or VARIVAX" [Marck
& Co.]) and adults aged > 50 years old who received ZOSTAVAX (Merck &
Co.) or SHINGRIX" (GlaxoSmithKline). In total, 176 samples were ana-
lyzed: 46 from the BARYCELA" group, 50 from the VARIVAX' group, and
40 samples each from the ZOSTAVAX" and SHINGRIX" groups (Fig, 9).

Cells

MRC-5 cells (ECACC, UK) were cultured in Minimal Essential Medium
(MEM; Welgene Inc.) supplemented with 10% fetal bovine serum (FBS;
Gibco), 1% non-essential amino acid (NEAA; Sigma-Aldrich), 1% sodium
pyruvate (Gibco), and 1x antibiotic-antimycotic (antibiotic; Gibco) at 37 °C
in 5% CO,. U937 cells (ATCC’; CRL-1593.2) were maintained in Roswell
Park Memorial Institute (RPMI) 1640 medium (SERANA) supplemented
with 10% heat-inactivated FBS (HI-FBS; Gibco) and antibiotics. No-GFP-
CD16.NK-92 cell line (ATCC"; PTA-6967) was cultured in a-Minimum
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Essential Medium (a-MEM; Gibco) supplemented with 12.5% HI-FBS,
12.5% horse Serum (Sigma-Aldrich), 0.2mM myo-inositol (Sigma-
Aldrich), 0.02mM folic acid (Sigma-Aldrich), 1x antibiotic, 0.1 mM
2-mercaptoethanol (Gibco), and 100 U/mL IL-2 (R&D Systems).

Differentiation of U937 cells into M1 macrophages

To generate M1-polarized macrophages from U937 monocytes, 2 x 10°
U937 cells in 5 mL of complete culture medium were treated with 20 ng/mL
of phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) for 24 h at 37 °C
in 5% CO,. After PMA treatment, non-adherent cells were removed, and the
culture was washed twice with Dulbecco’s phosphate-buffered saline (DPBS;
SERANA) and then incubated for an additional 24 h in fresh medium. To
induce M1 polarization, cells were stimulated with 20 ng/mL of lipopoly-
saccharide (LPS; Sigma-Aldrich) and 20 ng/mL of interferon-gamma (IFN-
y; R&D Systems) for 24 h before the ADCP assay. Morphological changes
were monitored by light microscopy (Carl Zeiss) (Supplementary Fig. 1).

Flow cytometric analysis of Fcy receptors

MIl-polarized U937 cells were stained separately with fluorochrome-
conjugated antibodies against CD16, CD32, and CD64 (BioLegend; Table 1)
in 2% FBS-DPBS for 30 min on ice. Cells were then washed twice with 2%
FBS-DPBS before acquisition on the CytoFLEX flow cytometer (Beckman
Coulter).

VZV-infected target cell preparation

VZV-infected cells were prepared as target cells as described follows: MRC-5
cells at 70%-80% confluence were infected with VZV YCO03 strain (Gen-
Bank Accession No. KJ808816) at a ratio of 1 infected cell to 100 normal
MRC-5 cells. The cells were harvested 72 h post-infection and cryopre-
served in liquid nitrogen until use. The percentage of cells expressing VZV
antigens on the cell surface was determined using a flow cytometry-based
FAMA test™. The WHO International standard for VZV immunoglobulin
(NIBSC code W1044, diluted to 50 mIU/mL) was used as a positive refer-
ence, and DPBS served as the negative control. Following FAMA staining,
VZV antigen-expressing cells were analyzed using the CytoFLEX flow
cytometer (Beckman Coulter). Cell preparations exhibiting > 80% VZV-
positive events were used as target cells in ADCP and ADCC assays.

Antibody-dependent cellular phagocytosis assay

The phagocytic activity was evaluated using MI-differentated U937 as
effector cells. Sera were heat-inactivated for 30 min at 56 °C before the assay.
VZV-infected MRC-5 target cells were labeled with 3 uM CFSE [5-(and-6)-
Carboxyfluorescein Diacetate, Succinimidyl Ester] in DPBS for 10 min at
37°C and then washed twice with DPBS supplemented with 2% HI-FBS.
The CFSE-labeled target cells were incubated with control or vaccinated sera
for 30 min and then co-incubated with M1-U937 effector cells at an effector
cell-to-target (E:T) ratio of 1:2 for 4 h. Sera were applied at final dilution of
1:100. During initial assay validation, mock-infected (uninfected) MRC-5
target cells were included to confirm antigen non-specific ADCP activity
(Supplementary Fig. 4a). Prior to flow cytometry, M1-U937 cells were
labeled with CD89 antibody conjugated to APC (Miltenyi Biotec), which
was used solely as a cell surface marker to discriminate effector cells from
CFSE-labeled target cells for gating purposes. ADCP activity, measured
using the CytoFLEX flow cytometer (Beckman Coulter), was expressed as
the percentage of CFSE*CD89™ double-positive macrophages that phago-
cytosed CFSE* VZV-infected cells.

Table 1 | Antibodies used for flow cytometric analysis of Fcy
receptors

Target Full name Clone Fluorochrome Catalog No. (BD)
CD16 FeyRlll 3G8 FITC 560996
CD32 FcyRlI FLI8.26 PE 568913
CD64 FcyRI 10.1 APC 561189

Antibody-dependent cellular cytotoxicity assay: measuring
granzyme B (GrB+) incorporation into target cells by flow
cytometry

To measure ADCC activities, an assay measuring GrB* incorporation
into VZV-infected MRC-5 target cells was adopted from the ADCC-
GTL assay™’. VZV-infected target cells were labeled with 5 pM Cell-
Tracker™ Orange CMTMR (5-(and-6)-(((4-chloromethyl)benzoyl)
amino) tetramethylrhodamine; Invitrogen) in serum-free AIM-V
medium (Gibco) for 30 min at 37 °C. Labeled cells were washed once
with serum-free AIM-V medium, and 2 x 10* cells per well were plated
in 96-well U-bottom plates. Heat-inactivated sera were added and
incubated with target cells for 30 min at 37 °C. No-GFP-CD16.NK-92"
cells were then added ata 1:1 E:T ratio, yielding a final serum dilution of
1:100. Co-cultures were incubated for 4 h at 37 °C before harvest. Cells
were fixed with 100 pL/well of Fixation/Permeabilization solution (BD
Biosciences) for 20 min at 4 °C, washed twice with 1x BD Perm/
Wash™ buffer (BD Biosciences), and pelleted. The fixed/permeabi-
lized cells were resuspended thoroughly in 100 uL of 1x BD Perm/
Wash™ buffer containing FITC-conjugated anti-Granzyme B (GrB)
antibody at a 1:50 dilution (BioLegend). The samples were incubated
for 30 min at 4 °C in the dark. After incubation, cells were washed twice
with 1x BD Perm/Wash™ buffer and resuspended in 1x BD Perm/
Wash™ buffer for flow cytometric analysis. ADCC activities, measured
using the CytoFLEX flow cytometer (Beckman Coulter), was expressed
as the percentage of CMTMR"™ GrB™ double-positive target cells.
During initial assay validation, mock-infected (uninfected) MRC-5
target cells were included to verify antigen non-specific ADCC
responses (Supplementary Fig. 4b).

Validation of ADCP and ADCC assays
Following established bioanalytical assay validation guidelines™, key
performance parameters were selected for methodological evaluation of
ADCP and ADCC assays. These parameters included VZV-target cell lot-
to-lot variation, linearity, intra-assay precision, inter-assay precision (inter-
personal and inter-day precision), and inter-laboratory precision.
Lot-to-lot variability was evaluated to determine the consistency of
assay results across different target cell stocks used in the same experiment,
ensuring that variations between target cells do not significantly affect assay
outcomes. Linearity was assessed using five serial dilutions of each of three
different sera, with a simple linear regression analysis performed to confirm
linearity. Intra-assay precision was assessed by testing six samples, each
tested in five replicates on the same plate by one operator, to determine the
assay’s precision within a single run. Inter-assay precision was assessed by
testing the same six samples across three days by two different operators, to
assess reproducibility across independent experiments. Inter-laboratory
precision was determined by having three laboratories independently
conduct the assay using identical sera and the same stock of VZV-target
cells, ensuring reproducibility across different laboratory settings. The
coefficient of variation (CV) was calculated to assess assay precision. Given
the cell-based nature of the ADCP and ADCC assays, which involve effector
cells, live virus-infected target cells, and antibodies, these assays inherently
exhibit greater variability than cell-free biochemical assays. Therefore, a CV
<30% was predefined as an acceptance criterion for assay precision, in
accordance with commonly applied thresholds for cell-based functional
assays” ™.

Fluorescent antibody to membrane antigen test

The FAMA test was conducted as previously described”. Briefly, FAMA
antigens were prepared as follows: MRC-5 cells at 70%-80% confluence
were infected with the VZV YCO3 strain at a ratio of one infected cell to 200
normal MRC-5 cells and harvested 72 h post-infection, and stored in liquid
nitrogen until use. Sera were twofold serially diluted in DPBS, and then
incubated with 2 x 10° FAMA antigen cells for 30 min at RT, followed by
two DPBS washes. After incubation with the secondary antibody (goat anti-
human IgG-Alexa Fluor 488; Invitrogen) for 30 min at RT, cells were
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washed three times with DPBS. FAMA antigen cells were loaded onto a 14-
well glass slide (Cel-Line®, Thermo Scientific) and then dried. Slides were
mounted with Vectashield mounting medium with DAPI (Vector
Laboratories) and observed using an Axioscope fluorescence microscope
equipped with an HBO 100 mercury lamp (Carl Zeiss).

VZV-specific IgG ELISA

VZV-specific IgG levels were quantified using the SERION ELISA classic kit
(ESR104G, Virion\Serion, Germany) according to the manufacturer’s
instructions. Briefly, 100 L of controls and diluted sera were added to VZV-
antigen-coated wells and incubated for 1 h. After washing, 100 pL of goat
anti-human IgG conjugated to alkaline phosphatase (AP) was added and
incubated for 30 min. Following additional washes, substrate was added and
incubated for 30 min. All incubation steps were performed at 37 °C. The
reaction was then terminated with a stopping solution, and the absorbance
was measured at 405 nm using a Multiskan FC 357 microplate photometer
(Thermo Scientific).

VZV-specific IgG subclass ELISA

VZV-specific IgGl and IgG3 antibodies were measured using the
SERION ELISA classic kit (ESR104G, Virion\Serion) with modifica-
tions. VZV antigen-coated plates were incubated with 100 puL of diluted
sera (1:50) for 1 h at 37 °C. After washing, plates were incubated with
mouse anti-human IgGl (1:2000) or IgG3 (1:100) antibodies con-
jugated to AP (SouthernBiotech) at 37 °C for 30 min. Following incu-
bation with pNPP substrate for 30 min, the reaction was stopped, and
absorbance was measured at 405nm using a Multiskan FC 357
microplate Photometer (Thermo Scientific). Subclass-specific respon-
ses were expressed as optical densities.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 10.0.2 (Graph-
Pad Software). Paired t-tests or Wilcoxon matched-pairs signed-rank tests
were used for comparisons between two groups. One-way ANOVA or the
Kruskal—Wallis tests were used for multiple group comparisons, with post-
hoc pairwise correction as appropriate. Pearson correlation coefficients (r)
were calculated to assess relationships among ADCP, ADCC, FAMA, and
ELISA GMTs. Statistical significance was denoted as ns, not significant; *
P <0.05 ** p<0.01; *** p < 0.001; **** p <0.0001.

Data availability

The data supporting the findings of this study are available from the cor-
responding author upon reasonable request. This study did not generate or
analyze datasets that require deposition in a public repository.
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