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ABSTRACT Two herpes zoster (HZ) vaccines licensed in the United States are recom-
mended by the Advisory Committee on Immunization Practices (ACIP): (i) live-attenuated
vaccine (ZVL) using vOka strain varicella-zoster virus (VZV) and (ii) recombinant adjuvanted
vaccine (RZV) containing recombinant varicella-zoster virus (VZV) glycoprotein E (gE). Two
phase 3 clinical trials of RZV led the Advisory Committee on Immunization Practices
(ACIP) to recommend it with preferred status. VZV T cell-mediated immunity (CMI), but
not humoral immunity, is considered essential for protection against HZ. Published studies
of humoral immunity focused on VZV-specific IgG concentration. To complement reports
comparing the CMI responses to these vaccines, we compared humoral responses in ZVL
and RZV recipients, emphasizing functional qualities (avidity and neutralization). Baseline
avidities to a VZV glycoprotein mixture (gp) were near the upper limit of detection, but
avidity to gE was much lower. Small increases in gp avidity were observed for both RZV
and ZVL vaccination (19 and 12 avidity index units [AIU], respectively). RZV boosted both
gE avidity and VZV neutralizing antibody significantly more than ZVL (mean gE avidity
boost, 47 AlU versus 22 AlU; mean neutralizing antibody boost, 22-fold versus 8-fold).
Increases in neutralizing antibodies strongly correlated with gE avidity increases (r=0.5)
and moderately with gp avidity increases (r=0.23). After 1year, 81% of RZV recipients
and only 18% of ZVL recipients retained >50% of their peak avidity boosts. These results
are consistent with the CMI responses to these vaccines: RZV responses are skewed to
long-term memory, whereas ZVL preferentially induces transient effector responses.

IMPORTANCE These observations further distinguish the immunogenicity and dura-
tion of the immune response of the two vaccines. In addition, measurements of
functional humoral immunity (IgG avidity and neutralizing antibody) in response to
zoster immunization, alone or combined with other immune markers, might contrib-
ute to practical in vitro correlates of protection. Combined with previous observa-
tions of the cell-mediated response to these vaccines, this study suggests that vac-
cine development will benefit from more expansive and granular assessments of
acquired immunity during early phase 1 immunogenicity trials.
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erpes zoster (HZ) results from reactivation of varicella-zoster virus (VZV) latent in

neurons in dorsal root sensory and cranial nerve ganglia, causing an often painful
and sometimes debilitating rash illness (1, 2). HZ risk increases dramatically in persons
with reduced VZV-specific T cell-mediated immunity (CMI), such as those with immune
deficiency or immune-compromising conditions or therapies or because of the
immune senescence that accompanies aging (2-7). VZV-specific CMI responses are
considered to play the dominant role in reducing the risk of HZ. For example, HZ risk
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increases with age and immune-compromising illnesses, in correlation with a decline
in VZV-specific CMI but not with a decline in VZV-specific antibody (8-12).

The worldwide burden of HZ is very large (13) and expected to increase, because
the population in most countries is aging, and increasing age correlates with the inci-
dence and severity of HZ. Two vaccines, a live vaccine based on an attenuated VZV
(Zostavax; ZVL) and an adjuvanted vaccine based on recombinant VZV glycoprotein E
(gE) (Shingrix; RZV), are licensed to prevent HZ (14-16). RZV has a preferred recommen-
dation because it has greater efficacy, especially in older vaccinees, and appears to
have a longer persistence of protection (17). The unique immunologic responses that
explain the clinical differences between these two vaccines are unknown. However,
the immunological profile of VZV-specific CMI and humoral immunity after administra-
tion of each vaccine has been described in substudies of their separate phase Il trials
(18, 19). In addition, determination of a large array of T cell responses in recipients of
either vaccine delineated differences that distinguish the two vaccines (20).

The current report focuses on antibody responses to each vaccine, including func-
tional antibody responses not previously measured in recipients of HZ vaccines. In gen-
eral, studies of antibody responses to HZ and HZ vaccines have used a lentil lectin puri-
fied mixture of glycoproteins extracted from VZV-infected cells as the antigen source
for an enzyme-linked immunosorbent assay (gpELISA), whereas limited attention has
been given to evaluating functional qualities of the immunoglobulin G (IgG) response
to VZV antigens, such as avidity. Affinity maturation is characteristic of the IgG
response after exposure to an antigen (21). For several months following antigen acti-
vation of B cells, the mean affinity (avidity) of antibodies for their specific antigen
increases exponentially (21). Affinity maturation is driven by two independent proc-
esses, somatic hypermutation (SHM) and the culling of low-affinity clones through apo-
ptosis (22, 23). The process coincides with a class switch from IgM to IgG after activated
B cells are recruited to germinal centers, during which memory B cells and long-lived
plasma cells are established (23-25).

In this study, we compared VZV gp- and gE-specific IgG immune responses in recipi-
ents of either ZVL or RZV measured by ELISA and by assays of functional responses,
such as neutralization and avidity. These were evaluated in middle-aged and older
individuals and in separate cohorts with or without prior HZ vaccination. The primary
objective was to compare VZV gp- and gE-specific antibody responses to ZVL and RZV,
as measured by three distinct assays, and to determine the correlation of each type of
antibody response with the age of the vaccinee and prior HZ immunization.

RESULTS

IgG serology determined by ELISA. We compared VZV-specific IgG responses by
participants in all six study groups, before and after they received HZ vaccines, using
gpELISA and gE ELISA. The day 0 (baseline) optical density (OD) was compared with
the peak OD during the first year of the study (Fig. 1). For all participants, the mean
day 0 OD (before any vaccination) by gpELISA was 2.499, and for gE ELISA it was 2.027
(Fig. 1). Among participants in the four groups that had no previous HZ immunization
(Fig. 1A), almost all day 0 VZV-specific IgG levels to gp were very high (average of 2.3
OD units), and postimmunization increases were small with both vaccines (average
boost of 1.3 OD units). Although there was no difference in baseline gp OD values (2.3
OD units in RZV vaccinees versus 2.4 OD units in ZVL vaccinees, P = 0.5953), there was
a statistically significantly greater gp OD boost in RZV vaccinees (1.6 OD units) versus
ZVL vaccinees (0.9 OD units) (P<0.0001). In contrast, day 0 levels of gE-specific IgG
were substantially lower (average of 1.9 OD units) and, on average, underwent much
larger gE-specific IgG boosts (average of 1.6 OD units) to both vaccines than was
observed with gp-specific IgG (P=0.0019 when comparing day 0 gp to day 0 gE levels;
P=0.0153 when comparing boosts in gp and gE). Mean boosts in gE antibody ranged
from 1.3 to 2.3 OD units across all four treatment categories, whereas the mean boost
in gp-specific antibody ranged from 0.8 to 1.8 OD units. There was no difference in day
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FIG 1 Baseline and peak postimmunization VZV IgG levels measured by gpELISA and gE ELISA. (A) Participants with no previous shingles vaccination
history, subdivided into two age groups. (B) Participants who received one dose of ZVL at least 5 years prior to study entry. Blue figures represent gpELISA,
and green figures represent gE ELISA. Box-and-whisker plots subdivide the respondents into quartiles, with the colored boxes representing the middle 50%
of respondents and the whiskers representing the extreme 50% of respondents. Baseline horizontal lines represent titers across all 6 groups and are

indicated for gpELISA (blue) and gE ELISA (green).

0 gE OD values (1.9 OD units in either RZV and ZVL vaccinees; P = 0.9384), but there
was a statistically significant difference in the gE OD boosts (2.0 OD units in RZV vaccin-
ees versus 1.3 OD units in ZVL vaccinees; P=0.0013). Predictably, mean boosts to gE
were almost always higher in response to RZV than to ZVL (Fig. 1). These patterns were
not different as a function of the age of the participant or prior ZVL immunization (Fig.
1). Boosts in gE OD were higher in RZV vaccinees than ZVL vaccinees (P =0.0025 for 50
to 59year olds; P=0.0001 for 70 to 85year olds) when stratified by age group and
when stratified by prior ZVL immunization (P <0.0001 for previously unimmunized;
P =0.0001 for previously immunized).

Antibody avidity studies. To evaluate functional properties of the VZV-specific IgG
antibodies before and after administration of ZVL or RZV, we measured IgG avidity
using either gp or gE as the antigen source. The comparison of day 0 prevaccination
gp and gE avidity levels are shown in Fig. 2 for participants with no prior HZ vaccine
grouped by participant age. There was no difference in the day 0 gp and gE avidity lev-
els by age groups (average of 61 to 62 avidity index units [AIU] for both age groups;
P = 0.9365), but there was a large difference between IgG avidity levels to gp versus
gE (average of 74 AlUs for gp and 49 AlUs for gE; P < 0.0001). For gp, 91% (80/88) of
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FIG 2 Comparison of preimmunization (day 0) avidity to gp antigens and purified gE antigen. Blue
sector, >60 AlU; pink sector, =60 AlU.

participants displayed high-avidity I1gG (=60 AlU) compared to 24% (21/86) of the
same participants having high avidity to gE (P < 0.0001). This indicated that measure-
ments of avidity to a mixture of all VZV glycoproteins could mask low levels of avidity
to individual glycoproteins.

We then measured the capacity of ZVL and RZV to increase gp-specific IgG avidity
among all study participants, including those previously immunized with HZ vaccine
(Fig. 3). The mean day 0 avidities for gp and gE (Fig. 3A and B) recapitulate the striking
differences in day 0 avidities to gp versus gE shown in Fig. 2. Mean avidity for gp was
75.2 AlU across all treatment groups, compared with 48.6 AlU for gE, a difference of
26.6 AlU. Only small increments in boosts of gp ELISA-based avidity were observed in
either ZVL or RZV (average of 12 for ZVL vaccinees and 19 for RZV vaccinees) (Fig. 3).
This was predictable given that most of the day 0 avidities for the gp mixture were al-
ready in the high-avidity range. ZVL recipients generally mounted low to moderate
boosts in avidity over baseline to gE (average of 22 AlUs), whereas participants immu-
nized with RZV produced pronounced boosts in avidity to gE (48% [38/80] displayed
boosts of =50 AlU and 23% [18/80] displayed boosts of =60 AlU). A more granular dis-
play of the individual avidity boosts shows that the level of boosting of gE-specific
avidity was approximately 2-fold higher in RZV recipients than ZVL recipients (~20
AlV) (47 versus 22; P < 0.0001). These differences in gE avidity boosting remained stat-
istically significant even after adjusting for both age group and prior vaccination with
ZVL (P < 0.0001). In a univariate analysis, there were no statistically significant differen-
ces in either gE avidity boosting by age group (P = 0.4633) or prior vaccination with
ZVL (P = 0.8000). However, among participants 70 to 85 years old who were previously
immunized with ZVL (Fig. 3C and D), no recipient of a second dose of ZVL recipients
boosted gE avidity to the limit of detection (0/34; 3%), whereas 16/34 (44%) recipients
of boosting with RZV developed avidity levels at the limit of detection.

The generally superior increase in gE-specific avidity after RZV was also observed to
be more durable (Fig. 4). Among those previously unimmunized who received ZVL, gE
avidity declined by more than 60% by the end of 1 year in 67% (30/45) and by more
than 70% in 60% (27/45) (Fig. 4). Among previously immunized ZVL recipients, 85%
(29/34) had declines of =60%, and more than half (53%, 18/34) had 1-year declines in
the vaccine-induced boost to gE avidity by more than 95%. In contrast, among RZV
recipients, with or without prior ZVL, the boosts in gE avidity were maintained to a
great extent at 1 year across all ages and groups. A higher proportion of RZV vaccinees
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FIG 3 Comparison of day 0 gp and gE avidities with peak postimmunization avidities. Results are displayed in quartiles as per Fig. 1. (A) Day 0 avidities
among participants with no previous shingles immunization. (B) Peak boosts in avidity among previously unimmunized persons. (C) Day 0 avidities among

participants previously immunized with ZVL. (D) Peak boosts in avidity among participants previously immunized with RZV.

retained =50% of the gE avidity boost at 1year compared to ZVL vaccinees (81% ver-
sus 18%, P<0.0001 by x? relative risk [RR] of 4.5 [2.8 to 7.3], P<0.0001, when
adjusted by age group and prior vaccination), and a higher proportion also retained
=70% of the gE avidity boost at 1year (65% versus 10%, P <0.0001 by x2 RR of 6.4
[3.3 to 12.6], P < 0.0001, when adjusted by age group and prior vaccination).

Neutralizing antibody studies. Complement-dependent immunocolorimetric neu-
tralizing antibody (NA) assays were performed on day 0 and day 90 samples from all 6
treatment groups. In all categories, more than half of the participants displayed at least
a 4-fold boost in NA titer (ranging from 52% to 100% by group); however, both the
percentage (P=0.0059) and magnitude of boosting (P=0.0002) differed substantially
between ZVL and RZV recipients (average NA boost of 8-fold in ZVL vaccinees versus
22-fold in RZV vaccinees) (Fig. 5). Comparing all ZVL recipients with all RZV recipients,
37% of ZVL recipients versus 6% of RZV recipients failed to achieve an NA boost of at
least 4-fold. RZV induced superior neutralizing antibody boosts at every measured 2-
fold endpoint (4-fold to 128-fold). For example, no ZVL recipients achieved NA boosts
of =128-fold compared with 8% of RZV recipients. Results for each of the 6 treatment
groups are displayed in Fig. 5.

Comparative boosts in gp avidity, gE avidity, and NA titer. We compared the
boosts in gp avidity, gE avidity, and NA antibody in each treatment group (Fig. 6).
Although different scales were used for each of the two measurements, the ordinates
for each were scaled to reflect the maximum observed boosts for NA and avidity,
respectively. Boosting of NA was more strongly associated with boosting in gE avidity
(Spearman’s rank correlation coefficient [r,] = 0.50, P < 0.0001) than gp avidity (r, =
0.23, P=0.0038) and remained significantly associated for boosting in NA and gE avid-
ity (r, = 0.40, P < 0.0001, by Spearman’s partial correlation coefficient) when adjusted
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FIG 4 Residual gE avidity boost, 1year postimmunization. Purple plots represent the percentage of
peak avidity retained for ZVL recipients; pink plots represent the percentage of peak avidity retained
for RZL recipients.

by HZ vaccine type, age, and prior vaccination with ZVL. In all cases, the level of boost-
ing for both gE avidity and VZV-specific NA antibody was statistically higher for recipi-
ents of RZV than for ZVL recipients (P = 0.0001 for gE avidity boost; P=0.0002 for NA
boost). Overall, the level of boosting of NA was lower for participants previously vacci-
nated with ZVL compared with previously unvaccinated participants (average NA
boost of 10-fold in previously vaccinated versus 20-fold in previously unvaccinated per-
sons, P=0.0098), but RZV was more effective at boosting NA than ZVL in previously
ZVL-vaccinated persons (average NA boost of 15-fold in RZV vaccinees versus 4-fold in
ZVL vaccinees, P=0.0178). The lower overall NA boosting among previously immu-
nized 70- to 85-year-old participants compared to those not previously immunized
was not explained by the possibility that the previously immunized group had higher
NA titers at baseline. Among previously unimmunized 70- to 85-year-old participants,
42% (19/45) had baseline titers of =1:40; 60% (27/45) had baseline titers of =1:80; and
87% (39/45) had =1:160 baseline titers. The corresponding baseline titer percentages
for previously vaccinated participants were 34% (23/68), =1:40; 66% (45/68), =1:80;
and 87% (59/68), =1:160. There was no statistically significant difference in the propor-
tions of 70 to 85 year olds in these 4 baseline NA titer groups by prior vaccination sta-
tus (P> 0.05). Whatever the explanation for this discrepancy between previously vacci-
nation and unvaccinated participants, the level of NA boosting among previously
immunized participants was clearly much higher for the group that was boosted with
RZV. NA boosting remained significantly associated with type of HZ vaccine when
adjusted for age group, prior vaccination with ZVL, and baseline NA titers (P < 0.0001).

DISCUSSION

The IgG avidity to a lectin-purified VZV glycoprotein mixture was uniformly high,
irrespective of age group, before receiving an HZ vaccine and increased very little after
vaccination. In contrast, avidity to purified gE was mostly in the moderate-to-low avid-
ity range prior to vaccination, which indicates that the affinity maturation to gE differs
from that of other VZV glycoproteins across individuals. It is conceivable that the
immune dominance of VZV glycoproteins varies with the host. Ultimately all individu-
als achieve very high overall avidities to VZV gp. RZV, which contains only gE, induced
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boost. As such, the magnitude of boosting declines with each successive boost level.

substantial increases in gE avidity in the vast majority of vaccinees that persisted
through the first year postimmunization, whereas gE avidity boosts by ZVL were less
pronounced and declined by the end of 1 year.

A large majority of RZV recipients boosted to maximum gE avidity. When affinity
maturation of antibody was first described, the authors measured the association con-
stant, K,, and observed up to 10,000-fold increases in mean antibody binding strength
over a 2-month period (21). Avidity is now measured by determining the ratio of
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residual bound antibody after chemical displacement to antibody bound prior to dis-
placement. This effectively imposes a linear scale onto an exponential phenomenon.
We may be underestimating the true scale of affinity maturation. Evaluation of a subset
of the sera from this study for changes in the gE association constant should shed light
on this possibility.

gE has multiple roles in the biology of VZV, including in cell-to-cell spread of the vi-
rus (26-28), replication (29-32), possibly cell entry (33), neurovirulence (34), and viral
maturation (27, 35). In general, evidence for overt differences in the pathogenicity of
individual VZV strains is lacking; however, a single-amino-acid change in gE in a clinical
isolate of VZV (strain MSP) exhibited enhanced cell-to-cell spread in cell culture (36).

Functional aspects of the humoral immune response, such as antibody avidity, are
augmented or specifically driven by components of the CMI response. CMI responses
to VZV antigens are readily detected in older people without prior HZ or HZ vaccina-
tion, although the magnitude of these responses declines as age increases beyond
~40years (5). In contrast, CMI responses to gE are low or absent in older people, even
though these responses are induced by varicella (20). Glycoprotein E represents a sig-
nificant proportion of glycoproteins produced by VZV, and anti-gE antibodies are also
a major component of the antibody response to varicella (10, 36-39) or after reexpo-
sure to VZV (40, 41). Our observations here suggest that engagement of the immune
system by gE differs from the response to at least some of the other glycoproteins,
leading to a decline in antibody to gE. Similarly, immunization with Oka strain VZV
stimulates primarily VZV-specific CMI and only minimal gE-specific CMI (20). In contrast,
immunization with RZV stimulates strong VZV- and gE-specific CMI responses, further
indicating that gE is a significant component of VZV immunity. The overall peak VZV-
specific CMI response after ZVL administration is generally 2-fold and is progressively
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lower as the age of the vaccinee increases (18). In contrast, gE-specific CMI peak
responses after RZV administration are increased >20-fold with little effect of age on
this response (18, 20).

The high titers of anti-gp antibodies detected in older people probably represent
immunity that developed after varicella in childhood, possibly enhanced by exogenous
or endogenous exposure throughout life (38, 40, 41). Levels of these antibodies were
similar in the two age groups compared in this report, confirming previous evidence
that VZV-specific antibodies do not decline with aging (10, 18). In contrast to total
VZV-specific antibodies measured by gpELISA, levels of antibodies measured by gE
ELISA were much lower. The low level of anti-gE antibodies, which was masked when
total anti-gp antibodies were measured, presumably due to high concentrations of
antibody directed against other gp antigens, was similar in the two age groups stud-
ied. While we are observing this effect in isolation for gE, it is possible that avidity to
other VZV glycoproteins (i.e., gC) also diminish with age. This is something that should
be studied experimentally, e.g., with other purified VZV glycoproteins or through selec-
tive antibody depletion.

Mean antibody avidity boost to gE was nearly 3.5 times higher after RZV administra-
tion than after ZVL. Since ample gE is present in ZVL, it appears that affinity maturation
after exposure to gE during natural infection is limited and/or transient in individual
hosts. Baseline avidity levels for gE were equivalent among previously ZVL-immunized
and unimmunized participants, indicating that any boosting in gE avidity by ZVL had
declined completely by 5years postimmunization. By extension, these limitations in
the development of matured gE IgG probably apply to reexposures to VZV and endog-
enous reactivation of the virus. In contrast, RZV appears to have overcome the natu-
rally limited affinity maturation of anti-gE IgG, likely through a mechanism orchestrated
by the adjuvant. This effect of RZV on the avidity profile was observed among both
younger and older study participants. These results closely parallel measurements of
CMI responses; memory and regulatory T cell responses are strongly engaged by RZV,
in contrast to the transient induction of effector T cell responses by ZVL (20).

Among ZVL recipients, gE avidity boosts declined by >50% by the end of 1year. In
contrast, 75% of RZV recipients retained at least 50% of their peak avidity boost at
1year, and half retained at least 75%. This suggests that the adjuvanted vaccine more
efficiently stimulates the production of gE-specific memory B cells and long-lived
plasma cells than ZVL. Thus, avidity produced in response to RZV is expected to be
more durable than that produced in response to ZVL. Both vaccines appear to drive
class switch recombination to gE IgG and, at least transiently, affinity maturation,
which is consistent with observations of different effects of the vaccines on CMI
responses.

Both class switch recombination (CSR) and somatic hypermutation (SHM) in anti-
body-producing cells are mediated by the same enzyme, activation-induced cytidine
deaminase (AID). Follicular T helper cells (Tfh) within germinal centers influence the
multiple roles that are driven by AID and that result in the production of memory B
cells and long-lived plasma cells (42-44). CSR and SHM can be uncoupled experimen-
tally, reflecting the presence of distinct peptide moieties responsible for targeting the
enzyme for each activity (45). Our observations suggest that vaccine strain VZV Oka
does not optimally increase the T cell interaction with B cells and are consistent with
independent engagement of SHM and CSR in response to varicella vaccination (46).
Supporting evidence is found in of 2-dose study of varicella vaccine in adult health
care professionals (HCP); among 61 VZV IgG-seropositive HCP, 11.5% had antibodies
with low avidity. In contrast, 132/142 (93%) of sera from persons with a history of natu-
ral VZV infection were in the high-avidity range, and the remainder were in the moder-
ate range (46). These measurements used a VZV gp mixture as the target antigen.

Importantly, the boost in gE avidity was highly correlated with the boost in neutral-
izing antibodies, whereas the correlation between gp avidity and neutralization was
significant but less robust, confirming that gE is an important target for neutralization.
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In summary, RZV was markedly more effective at amplifying two important func-
tional qualities of the antibody response to VZV. Notably, these findings are analogous
to the findings for the CMI response by these same study participants. The CMI
response to RZV was much larger than that to ZVL (20). Moreover, RZV preferentially
engaged memory T cell and regulatory T cell responses, whereas ZVL preferentially
stimulated an effector T cell response (20). The CMI, humoral, and demographic data
from this study are now being evaluated to determine how these two acquired
immune responses correlate.

Conclusions. For roughly half a century, evaluations of vaccine immunogenicity
have been limited to simple quantitative antibody measurements and somewhat lim-
ited studies of cell-mediated immunity. The superior clinical outcome of RZV adminis-
tration is the result of the immune response to gE as facilitated by the ASO1B adjuvant,
which must play an essential role in directing the acquired immune responses in favor
of long-term memory. This also suggests the potential for enhancing the avidity and
neutralizing antibodies to other important VZV glycoproteins, although this is evi-
dently not required for an effective HZ vaccine.

The current evaluations of the acquired immune responses to two licensed vaccines
provide additional insight into the underlying mechanisms of vaccine efficacy. The
findings from this comparison study and others (20, 47) make a cogent argument that
more comprehensive assessments of the immunogenicity of an investigational vaccine
will better inform the decision to proceed to large clinical trials. It also demonstrates
that in-depth immunological analysis of a relatively small number of participants can
reveal unique information regarding vaccine performance. The potential role(s) of
high-avidity gE IgG and neutralizing antibodies was not established in this study and
will be evaluated in future efforts.

MATERIALS AND METHODS

Clinical study design. This comparison study (ClinicalTrials.gov registration no. NCT02114333) was
previously described in detail (20). The CDC'’s participation was reviewed by the CDC IRB and determined
as “Human Subjects Research, CDC not engaged,” as no personal identifying information was provided.
RZV is an adjuvanted recombinant subunit vaccine; each dose contains 50 ug each of VZV gE, monophos-
phoryl lipid, and QS-21 saponin, the latter two components comprising the adjuvant system. ZVL is a live
vaccine containing approximately 19,400 PFU of the same attenuated Oka strain of VZV. The vaccine also
contains a substantial quantity of antigen in the form of nonviable viral particles and unpackaged proteins.
Evaluation of a commercial vial of ZVL found that gE content was 5.25 ug/19,400 PFU of VZV (Hannah
Nam, personal communication). There were 4 arms (total of 160 participants) that received an HZ vaccine.
Arms A and B had not previously received an HZ vaccine (total of 90 participants, 45 in each arm). Arm A
received one dose of ZVL followed 2 months later by placebo, and arm B received 2 doses of RZV sepa-
rated by 2 months. Both arms were further stratified by age (50 to 59 years and 70 to 85 years; 22 to 23 in
each age group in each arm). Arms C and D consisted of 35 participants per arm aged 70 to 85 years who
had been immunized with ZVL at least 5 years previously. Arm C received a booster dose of ZVL and pla-
cebo, and arm D received 2 doses of RZV at the intervals specified for arms A and B.

Blood was obtained for immunologic assessment on days 0 (prevaccine), 30 (1 month after ZVL or
RZV), 90 (2 months after placebo or RZV), and 365 from all participants. Additional blood was obtained
for arm A on day 7 and for arm B on days 7 and 67. Peripheral blood mononuclear cells (PBMCs), plasma,
and serum were cryopreserved within 4 h of acquisition (48, 49). Serum samples were provided to the
CDC without personal identifiable information (Pll), in part to preserve the study blind. The study was
determined exempt (not human subject research) by the CDC IRB based on the assurance that under no
circumstances would Pl be provided.

VZV IgG assays. The glycoprotein (gp) methods and glycoprotein E (gE) assays were performed
based on methods developed by Merck & Co. (Kenilworth, NJ) (50) and GlaxoSmithKline (London,
England) (51) and with antigen preparations they provided under material transfer agreements. In both
cases, the antigen preparations were the same as those used in the respective vaccines. Normal tissue
control antigen was procured from the same source.

(i) gp ELISA. Both lectin-purified gp antigens and uninfected tissue control antigens were diluted to
a concentration of 1.0 ug/ml in phosphate-buffered saline (PBS) and added to wells of a 96-well plate at
100 wl/well. Plates were held at 4°C for 18 to 24 h, washed, and blocked with 5% skim milk for 30 min at
ambient temperature. Test serum samples were diluted at a preoptimized 1:20 dilution and added to
antigen-coated wells at 100 ul/well (duplicate test and normal tissue control wells). Plates were incu-
bated at ambient temperature for 30 min, fluid was aspirated, and plates were washed 4 times with PBS-
Tween 20. Goat anti-human IgG-alkaline phosphatase conjugate, diluted 1:1,000 in PBS, was added at
100 ul/well and incubated for 30 min. Disodium nitrophenyl phosphate substrate was added per the
manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO), and the enzymatic reaction proceeded for 10
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min before being stopped with 100 ul of 2.5N NaOH solution. Plates were read on a spectrophotometer
at 405 nm. Adjusted OD was calculated as mean test OD minus mean control OD.

(ii) gE ELISA. Purified recombinant gE was diluted to a concentration of 1.0 ug/ml and added to
wells at 100 ul/well in 96-well plates. No normal tissue control antigen was required, as no other pro-
teins are present in the preparation. All other specifications for this assay were the same as those for the
gpELISA method.

(iii) gp and gE avidity. Plates were prepared and run as for the gp- and gE ELISA methods, except
that duplicate plates were prepared. For avidity assessment, one plate was used for the conventional
ELISAs described previously; the second plate was prepared in the same fashion except that it was
washed 4 times with PBS-Tween 20 containing 35 mM diethylamine (DEA) before the color was deter-
mined. Avidity was calculated as AlU = (mean OD DEA plate/mean OD PBS wash plate) x 100.

sICNA. Cell-free VZV preparations were produced as follows. Primary human lung fibroblasts (HLF)
(ATCC, Manassas, VA) were grown in minimal essential medium (MEM) supplemented with 10% fetal bo-
vine serum (FBS). Confluent monolayers were infected with VZV-infected cells (Webster strain) at a ratio
of 1 infected cell to 5 uninfected cells. After 2 days of incubation at 37°C, when cytopathic effect (CPE)
reached 80%, infected monolayers were scraped into overlay medium and sonicated twice using a
Branson SFX450 digital sonifier (Atkinson, NH) set to 20% amplitude. Sonications were performed on ice
for 15 s with a 30-s rest between two runs. Cellular debris was removed by centrifugation (2,000 rpm at
4°C for 10 min) and the supernatant aliquoted and stored at —70°C. For the soluble immunocolorimetric
neutralization assay (sICNA) protocol, HLF were grown in MEM supplemented with 10% fetal calf serum.
Confluent cells were infected with cell-free strain Webster VZV at an inoculum that produced a colori-
metric optical density (wavelength, 450 nm) of roughly 1.000 at day 3, establishing the optimal inoculum
for the working virus stock. This inoculum was roughly equivalent to 25 PFU of viable virus. Prior to
infection, the VZV inoculum was incubated at 37°C for 30 min with duplicate serial dilutions of test or
control serum previously heat inactivated at 56°C for 30 min (52). Since the neutralizing antibody to gE
is complement dependent (47), 2.5 U of guinea pig complement was added to serum-virus mixtures and
incubated a further 30 min at 37°C. The serum-virus mixtures were added to confluent HLF monolayers
in 96-well plates, supplied with MEM, and incubated at 37°C for 1 h. Medium was aspirated from wells to
remove unattached virus and test sera, replenished with 200 ul of fresh complete MEM, and incubated
at 37°C for 3days in a humidified CO, incubator. Medium was removed on day 3, and the cells were
fixed with methanol. Mouse anti-VZV antibody (Chemicon International, Inc., Temecula, CA) was added
to wells for 30 min at ambient temperature, followed by anti-mouse IgG-tetramethylbenzidine conju-
gate. Colorimetric development was halted with dilute sulfuric acid. Plates were read in a spectropho-
tometer at 450 nm. The neutralization endpoint was the dilution at which the input virus (no serum) col-
orimetric signal was reduced by at least 50%. This method has been run in parallel with a conventional
plague reduction neutralization assay and demonstrated to correlate closely (47, 53, 54).

Statistical analysis. The peak gp- and gE ELISA OD and avidity values were defined as the highest
ELISA and avidity values taken at any visit during the study period. The magnitude of boosting of gp-
and gE ELISA and avidity were calculated by taking the peak gp- and gE ELISA and avidity values minus
their respective values at baseline (day 0). The magnitude of boosting in sICNA titer was calculated by
taking the reciprocal sICNA titer at day 90 divided by the reciprocal titer at baseline. The percentage of
gp and gE avidity boosting remaining at 1 year was calculated by taking the difference in the peak gp
and gE values taken at any time point minus the respective gp and gE avidity values at 1 year, divided
by the respective peak gp and gE avidity values.

We used t tests for comparing means of continuous variables and chi-square (y?) or Fisher's exact
tests for comparing categorical variables. Additionally, to assess the association in boosts in gE avidity
and sICNA by type of vaccine (ZVL and RZV), a multivariable log-gamma logistic regression model was
used to control for age group (50 to 59 and 70 to 85 years) and prior vaccination with ZVL; baseline
sICNA values were also included in the model to assess boosts in sSICNA by vaccine type. To assess
whether the proportion of participants who maintained =50% or =70% of gE avidity boost at 1 year dif-
fered by vaccine type, we used a generalized linear mixed-effect logistic regression model to estimate
the relative risk (RR) and 95% confidence interval (Cl), adjusting for age group and prior vaccination with
ZVL. Spearman’s rank correlation coefficient (r,) was used to investigate the correlation between boosts
in gp and gE avidity and sICNA titers. Partial correlation coefficients were computed to control for the
type of HZ vaccine, age, and prior vaccination with ZVL. Two-sided P values of <0.05 were considered
statistically significant. Data were analyzed using SAS 9.4 (SAS Institute, Inc., Cary, NC).
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