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ABSTRACT Childhood immunization with the live-attenuated varicella-zoster virus
(VZV) vaccine induces protective immune responses. Routine VZV vaccination started
only 2 decades ago, and thus, there are few studies examining the longevity of
vaccine-induced immunity. Here, we analyzed the quantity of VZV-specific plasma
cells (PCs) and CD4 T cells in the bone marrow (BM) of healthy young adults
(n � 15) following childhood VZV immunization. Long-lived BM resident plasma cells
constitutively secrete antibodies, and we detected VZV-specific PCs in the BM of all
subjects. Anti-VZV plasma antibody titers correlated positively with the number of
VZV-specific BM PCs. Furthermore, we quantified the number of interferon gamma
(IFN-�)-producing CD4 T cells specific for VZV glycoprotein E and all other structural
and nonstructural VZV proteins in both BM and blood (peripheral blood mononu-
clear cells [PBMCs]). The frequency of VZV-specific IFN-�-producing CD4 T cells was
significantly higher in PBMCs than BM. Our study shows that VZV-specific PCs and
VZV-specific CD4 memory T cells persist up to 20 years after vaccination. These find-
ings indicate that childhood VZV vaccination can elicit long-lived immune memory
responses in the bone marrow.

IMPORTANCE Childhood varicella-zoster virus (VZV) immunization induces immune
memory responses that protect against primary VZV infection, chicken pox. In the
United States, routine childhood VZV vaccination was introduced only 2 decades
ago. Hence, there is limited information on the longevity of B and CD4 T cell mem-
ory, which are both important for protection. Here, we showed in 15 healthy young
adults that VZV-specific B and CD4 T cell responses are detectable in bone marrow
(BM) and blood up to 20 years after vaccination. Specifically, we measured antibody-
secreting plasma cells in the BM and VZV-specific CD4 T cells in BM and blood.
These findings suggest that childhood VZV vaccination induces long-lived immunity.

KEYWORDS CD4 T cells, adaptive immunity, bone marrow, immune memory,
plasma cells, varicella vaccines, varicella-zoster virus

Varicella-zoster virus (VZV) is an alphaherpesvirus that causes chicken pox upon
primary infection and presents as shingles when it reactivates. Primary infection

can lead to severe complications in young children and adults (1). Hence, children in
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the United States have been vaccinated against chicken pox with a live-attenuated VZV
vaccine since 1995 (2). In 2007, recommendations changed in favor of a two-dose
regimen (3), leading to a vaccine effectiveness of �93% against chicken pox and
�100% against severe disease (4).

VZV vaccination elicits antibody and CD4 T cell immune memory responses that play
a role in mediating protection (5–8). After immunization, naive B cells encounter
vaccine antigens primarily in follicles and germinal centers of secondary lymphoid
organs, where they proliferate and ultimately differentiate into two main types of
memory cells: antibody-secreting plasma cells (PCs) and memory B cells (MBCs). PCs
predominantly reside in the bone marrow (BM), are long-lived, and constitutively
secrete antigen-specific antibodies, thus maintaining serum antibody titers for decades
or life (9). MBCs can be detected in the blood, become activated upon antigen
reencounter, and can differentiate into antibody-secreting cells (10).

CD4 T cells are a crucial component of the humoral immune system. They are
involved in initiation and maintenance of germinal centers and thus contribute to
antibody affinity maturation and the generation of long-lived humoral memory. CD4 T
cells also play a role in cell-mediated immunity and are relevant in the prevention of
VZV infection and reactivation (reviewed in reference 11). The rate of recurrent VZV
infections in HIV-positive children depends on the number of CD4 T cells at the time of
first infection (12), and the incidence of VZV reactivation is higher when CD4 numbers
are low (13). In the elderly, a decline in antigen-specific CD4 T cells is associated with
an increased risk of VZV reactivation, and vaccination with the live-attenuated shingles
vaccine leads to only a temporary increase in VZV-specific CD4 T cell numbers, which
coincides with transient protection (14, 15).

To date, most studies have assessed the longevity of immune responses after
childhood VZV vaccination by measuring antibody titers in the peripheral blood, and it
has been reported that anti-VZV antibodies decrease over time (16). However, there are
still gaps in our knowledge about vaccine-induced cellular immune responses in the
bone marrow compartment, especially regarding the persistence of PCs, which are
crucial for long-term maintenance of antibody titers.

Here, we obtained bone marrow and peripheral blood from young adults and
examined the longevity of VZV-specific B and CD4 T cell memory up to 2 decades after
their last VZV vaccination.

RESULTS

Bone marrow (BM) and whole blood samples (peripheral blood mononuclear cells
[PBMCs]) were obtained from healthy young adults (n � 15; age range, 19 to 25 years)
with a history of VZV vaccination but no history of documented chicken pox disease.
Median time since the last VZV vaccination was 8.6 years (interquartile range [IQR], 6.7
to 9.6 years; range, 0.1 to 19.6 years) (Table 1).

VZV-specific B cell responses and memory CD4 T cells are detectable in the
peripheral blood. It has been documented that childhood VZV vaccination induces
VZV-specific antibodies, which play a role in the protection against primary VZV
infection (8, 17–19). We first evaluated in our cohort VZV-specific plasma IgG antibody
responses against VZV lysate, which is derived from a VZV-infected human fibroblast
cell line. All study subjects had measurable anti-VZV IgG antibodies; however, endpoint
titers ranged largely from 1:2 to 1:340 (Fig. 1A). While the use of VZV lysate allows the
detection of immune responses against the majority of VZV antigens, this mixture is not
suitable for avidity testing by enzyme-linked immunosorbent assay (ELISA). Hence, we
employed a preparation of multiple VZV glycoproteins to assess anti-VZV antibody
avidity (Fig. 1B), which ranged from medium (30 to 70%) to high (�70%) (Fig. 1C). We
next measured the number of VZV-specific memory B cells (MBCs) in the peripheral
blood by enzyme-linked immunospot assay (ELISpot). MBCs become activated upon
antigen reencounter and can differentiate into antibody-secreting cells. On average,
0.09% of IgG MBCs in the blood were VZV specific (�900 VZV-specific IgG MBCs per
million total IgG MBCs) (Fig. 1D, middle). As a positive control, we quantified influenza
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virus-specific MBC responses; influenza virus induces robust B cell memory due to
repeated exposure to wild-type virus and seasonal vaccination. In all subjects, the
number of influenza virus-specific IgG MBCs was consistently higher than that of
VZV-specific IgG MBCs (Fig. 1D, right).

In VZV infection, CD4 T cells are important for promoting cell-mediated immunity,
and it has been recognized that the risk of VZV reactivation increases with reduced
numbers of VZV-specific CD4 T cells (reviewed in reference 11). We thus measured
VZV-specific CD4 T cells in the peripheral blood of our subjects. Purified CD4 T cells
from blood were cocultured with autologous CD3-depleted PBMCs as antigen-
presenting cells in an ELISpot assay and stimulated with three different peptide pools
covering glycoprotein E, all other structural proteins, and nonstructural proteins. We
could detect interferon gamma (IFN-�)-producing VZV-specific CD4 T cells in all sub-
jects, with variable but overall similar numbers of CD4 T cells specific for the different
peptide pools (Fig. 1E). However, due to the limited amount of sample, it was not
possible to deconvolute the peptide pools and identify individual epitopes.

In summary, we corroborated in our cohort the previously described persistence of
VZV-specific B and CD4 T cell memory responses in the peripheral blood up to 20 years
after live-attenuated childhood VZV vaccination.

VZV-specific plasma cells and CD4 T cells are detectable in the bone marrow.
Antibodies are secreted by long-lived PCs that predominantly reside in the bone
marrow (BM) (9) and are characterized by expression of the surface marker CD138. We
next measured VZV-specific PCs in the BM of our VZV-vaccinated cohort. The frequency
of BM PCs among total bone marrow cells (BMCs) is low (C. Davis and R. Ahmed,
submitted for publication); hence, an enrichment of CD138� PCs (Fig. 2A) prior to the
assessment of antigen specificity by ELISpot was necessary. VZV-specific BM CD138�

PCs were observed in all subjects at variable frequencies, with a mean of 0.2% of
IgG-producing PCs (Fig. 2B and C). After antigen encounter through infection or
vaccination, antigen-specific antibody-secreting cells are initially measurable in the
peripheral blood before they then die or migrate into the bone marrow to differentiate
into PCs (20, 21). We could not detect any VZV-specific antibody-secreting cells in the
peripheral blood of our cohort, implying no recent VZV antigen exposure. Consistent
with the previously described role of BM PCs in the long-term maintenance of serum
antibodies, the number of VZV-specific PCs in the BM correlated with VZV-specific
antibody titers (Fig. 2D).

TABLE 1 Study population characteristicsa

Demographic Value for study subjects (n � 15)

Age [median (range)] (yrs) 20 (19–25)

Gender [no. (%)]
Female 11 (73.3)
Male 4 (26.7)

Ethnicity [no. (%)]
Hispanic 5 (33.3)

Race [no. (%)]
White 9 (60)
Black 4 (26.7)
More than one race 2 (13.3)

History of vaccination
Age at first dose [median (IQR)] (yrs) 4.3 (2.0–7.6)
2 vaccine doses [no. (%)] 13 (86.7)
Time since last dose [median (range)] [yrs] 8.6 (0.1–19.6)

aAll donors had received their first dose of Varivax before the age of 10 years, except one subject, who was
23 years old. Thirteen donors had received 2 vaccine doses. Median time between the last vaccination and
specimen sampling was 8.6 years (IQR, 6.7 to 9.6 years). One donor received the last dose 41 days prior to
specimen sampling.
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FIG 1 VZV-specific humoral and CD4 T cell immune response in the peripheral blood. (A) The graph summarizes the endpoint titers of anti-VZV IgG antibodies
of 15 previously VZV-vaccinated adults; each dot represents one subject. Means, standard deviations (SD), and the cutoff (dotted line) are shown. (B) Schematic
showing the approach to test antibody avidity. (C) Anti-VZV antibody titers and avidity for each subject. The dashed lines delimit low (�30%), middle (30 to
70%), and high (�70%) antibody avidity. (D) Representative ELISpot wells of 5 subjects (left) and the numbers of VZV-specific and influenza virus-specific IgG
MBCs per million IgG-producing MBCs (middle; means and SD are indicated), and numbers of VZV-specific (blue) and influenza virus-specific (red) IgG MBCs
for each subject (P � 0.0001; paired Wilcoxon rank test) (right). (E) Representative ELISpot of 2 subjects showing IFN-�-producing CD4 T cells and bar graph
showing the number of antigen-specific CD4 T cells per million plated CD4 T cells for the 3 different peptide pools: glycoprotein E (red), structural proteins
(excluding glycoprotein E; blue), and nonstructural proteins (gray). Subject IDs are below the bars.
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Memory CD4 T cells against various infectious agents have been shown to reside in
the BM (22). We next asked whether VZV-specific CD4 memory T cells were also present
in the BM following childhood VZV vaccination. First, and to identify potential periph-
eral blood contamination in our BM samples, we assessed previously described phe-
notypical differences between circulating CD4 T cells and those residing in the BM. We
observed a slightly reduced frequency of CD4 T cells among total T cells in the BM,
which translated into a lower CD4/CD8 ratio in the BM of all subjects compared to that
in their peripheral blood (22). The activation marker CD69 has been reported as being
expressed on BM-resident T cells (22, 23). We examined a subset of subjects and found
that the frequency of CD69� CD4 T cells is higher in the BM than in the blood (Fig. 3A).
The majority of CD69� CD4 T cells in the BM had an effector memory phenotype
(CCR7neg CD45RAneg), whereas the few CD69� CD4 T cells in the peripheral blood
mostly exhibited a naive phenotype (CCR7pos CD45RApos). These findings of distinct
phenotypes between BM and peripheral blood samples suggest that the examined BM
CD4 T cells were predominantly from the BM compartment, with minimal contamina-
tion from peripheral blood. We next quantified VZV-specific BM CD4 T cells. As for the
assessment of VZV-specific CD4 T cells in the peripheral blood, we stimulated purified
BM CD4 T cells and autologous CD3-depleted PBMCs with three different peptide pools
covering glycoprotein E, all other structural proteins, and nonstructural proteins. We
measured comparable frequencies of IFN-�-producing CD4 T cells against all 3 peptide
pools (Fig. 3B and C). When antigen-specific CD4 T cell responses were pooled for each
subject, we observed that the frequency of VZV-specific CD4 T cells was significantly
higher in the peripheral blood than in the BM (paired Wilcoxon rank test; P � 0.0035)
(Fig. 3D).

FIG 2 VZV-specific plasma cell response decades after childhood vaccination. (A) CD138� PCs from the
bone marrow were enriched by positive selection. (B) Representative ELISpot wells of 3 subjects showing
total IgG-producing and VZV-specific IgG-producing PCs. Number of counted spots/no. of plated cells are
indicated below each well. (C) Numbers of VZV-specific IgG PCs per million IgG-producing PCs. Means
and SD are presented. (D) Correlation between VZV-specific PCs and anti-VZV IgG endpoint titers. Linear
regression of log-transformed values was performed, and a P value of �0.05 was considered statistically
significant.
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Two subjects were vaccinated only once, and most subjects received their last
vaccine dose 6 to 10 years before sampling. We did not observe any striking association
between time since last vaccination and the frequency of VZV-specific PCs, MBCs,
antibody titers, or VZV-specific IFN-�-producing CD4 T cells (Fig. 4). However, due to the
limited heterogeneity of our cohort in terms of recent vaccinees (n � 3) and vaccine
doses received, we cannot exclude their potential influence on immune memory. In
summary, we show that B cell and CD4 T cell memory responses are detectable in BM
and peripheral blood for up to 20 years after VZV vaccination.

DISCUSSION

Long-lived plasma cells reside in the bone marrow, constitutively secrete antibodies,
and thus maintain serum antibody levels for decades or life. Here, we show that
VZV-specific PCs are still detectable in the BM of young adults up to 2 decades after VZV
vaccination and that they positively correlate with VZV-specific antibody titers. Given
the limited number of study subjects, this correlation was strongly affected by three
patients with antigen-specific PCs near the lower limit of detection.

Furthermore, we detected VZV-specific MBCs in all subjects, indicating the capacity
to mount a recall response. The relatively low frequency of VZV-specific MBCs in
comparison to influenza virus-specific MBCs can be explained by the different nature of
viral antigen exposure and subsequent boosting: VZV vaccination results in a latent

FIG 3 VZV-specific CD4 T cells are detectable in bone marrow following childhood vaccination. (A) CD69 expression
on CD4 T cells was determined by flow cytometry in a subset of 5 subjects, as illustrated in the flow plot (left). The
summarizing graph (right) shows CD69 expression on CD4 T cells in the BM (blue) and blood (red). (B) Represen-
tative ELISpot of 2 subjects showing IFN-�-producing CD4 T cells. (C) Numbers of antigen-specific IFN-�-producing
CD4 T cells per million plated CD4 T cells specific for glycoprotein E (red), other structural proteins (blue), and
nonstructural proteins (gray). Subject IDs are below the bars. (D) Numbers of all VZV-specific CD4 T cells (pool of
the 3 peptide pools) per one million plated CD4 T cells in BMCs (blue) and PBMCs (red) for individual subjects.
Results for each subject are connected by a line (P � 0.0035; paired Wilcoxon rank test).
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infection with limited endogenous antigen reexposure, and exposure to exogenous
wild-type VZV has dramatically decreased in the United States since introduction of the
childhood VZV vaccination (24). In contrast, influenza virus-specific MBCs are boosted
throughout life by both recurrent exogenous exposure and seasonal vaccination. Our
findings of persistent VZV-specific BM PCs and MBCs suggest that anti-VZV antibody
titers might be durable and that in case of exposure, MBCs could elicit a recall response.

VZV-specific CD4 T cell memory plays a role in the protection from primary VZV
infection (25) and reactivation (11). It is important that VZV vaccination elicits a durable
CD4 T cell memory response, as there is still a risk for shingles after vaccination,
although this risk is lower than after natural infection (26). We show that VZV-specific
IFN-�-producing CD4 T cells were present in BM and peripheral blood up to 2 decades
after vaccination, indicating that cell-mediated immunity to VZV vaccination is also
long-lived. VZV-specific CD4 T cells were more frequent in peripheral blood than in BM.
However, the exact contribution of BM-resident versus circulating VZV-specific CD4 T
cells to disease protection requires further investigation.

Childhood live-attenuated VZV vaccination leads to a primary infection, usually
without any clinical symptoms, any detectable vaccine-strain viremia, or interindividual
transmission (27, 28). However, similar to natural VZV infection, attenuated VZV can
persist, and its capacity to reactivate has been demonstrated by cases of vaccine-strain

FIG 4 Time since last vaccination and magnitude of VZV-specific immune responses. Graphs show the
time since last vaccination for each individual and report VZV-specific antibody titers (A), numbers of
memory B cells and bone marrow plasma cells (B), and numbers of CD4 T cells in both peripheral blood
and bone marrow (C). Red symbols indicate individuals who received only one vaccine dose. Dotted lines
represent the limit of detection for each assay. Given the sample size and distribution, no statistical tests
were performed.
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shingles in children and adolescents (26). Following childhood VZV vaccination, we and
others detected VZV-specific B cell and CD4 T cell memory (5–8), indicating that this
vaccine induces potent immune responses. Memory responses in our cohort were
heterogeneous. However, this cross-sectional study cannot address whether heteroge-
neous responses were induced at the time of vaccination or whether the observed
differences evolved over time as a result of differential waning. Given the nature of
latent infection, it is difficult to distinguish if VZV-specific memory cells were elicited
only at the time of vaccination or if there was additional boosting through intermittent
subclinical reactivation.

The attenuated VZV strain contained in the childhood vaccine (Varivax) is identical
to the adult live-attenuated shingles vaccine (Zostavax). Although administered at
around 14-fold-higher minimum potency (29), the shingles vaccine induces only poor
immune responses, and antibody responses are lower in individuals with high anti-VZV
antibody titers at the time of vaccination (30). While the childhood VZV vaccine is for
VZV-naive individuals, the live-attenuated shingles vaccination is given to previously
naturally infected adults with preexisting immune memory against VZV, which con-
tributes to the reduced vaccine response in the elderly (31).

Overall, we showed in a cohort of 15 subjects that VZV-specific plasma cells, memory
B cells, and IFN-�-producing CD4 T cells are detectable in the bone marrow and
peripheral blood up to 2 decades after vaccination. These findings indicate that
childhood VZV vaccination can elicit long-lived memory responses.

MATERIALS AND METHODS
Patient cohort. This was a single-center study at Emory University, Atlanta, GA, enrolling healthy

adults over the age of 18 years who had received either one or two doses of Varivax without documented
history of chicken pox. The study was approved by the institutional review board of Emory University (IRB
number 00094420), and sample size was based on feasibility. Bone marrow (BM) and whole-blood
samples were collected from 15 healthy adult donors from June 2017 to August 2018. Demographics are
detailed in Table 1. Briefly, all donors with a median age of 20 years (range, 19 to 25 years) had received
their first dose of Varivax before the age of 10 years, except one subject, who was 23 years old. Thirteen
donors had received 2 vaccine doses. Median time between the last vaccination and specimen sampling
was 8.6 years (IQR, 6.7 to 9.6 years; range, 0.1 to 19.6 years). Three donors had been vaccinated within
the last 2 years, with one donor having been vaccinated 41 days prior to bone marrow sampling.

Plasma cell and memory B cell assessment using ELISpot. Bone marrow mononuclear cells (BMCs)
and peripheral blood mononuclear cells (PBMCs) were isolated according to standard protocols (30), and
CD138� plasma cells (PC) from the bone marrow were magnetically enriched by positive selection
(Stemcell EasySep Human CD138 positive selection kit II, no. 17877).

ELISpot plates were coated overnight at 4°C with VZV lysate (Meridian Life Sciences no. 7740;
2.9 �g/well), quadrivalent seasonal inactivated influenza vaccine (Fluarix seasons 2016/17 and 2017/18;
0.15 �g/strain/well), or anti-human IgG (1 �g/well; Jackson no. 709-005-149). Plates were blocked with
RPMI medium containing 10% fetal bovine serum (FBS) (R10, supplemented with 1% penicillin, strep-
tomycin, and L-glutamine) for at least 2 h at 37°C and 5% CO2. Fresh enriched CD138� BM plasma cells
(1 � 102 to 3 � 105) were plated in a 3-fold dilution and incubated for 12 to 16 h at 37°C and 5% CO2.
Biotinylated human IgG-specific antibodies (Jackson ImmunoResearch no. 709-066-098) followed by
horseradish peroxidase (HRP)-conjugated avidin D (Vector Laboratories no. A-2004) were used to detect
IgG-secreting cells. Plates were developed with 3-amino-9-ethylcarbazole substrate, data were acquired
(ELISpot reader; CTL), and spots were manually counted. For memory B cell assays, cryopreserved PBMCs
were thawed and stimulated with interleukin 2 (IL-2) (Peprotech; 10 ng/ml) and R848 (Sigma; 1 �g/ml) at
37°C and 5% CO2 for 5 days, and 3 � 102 to 10 � 105 cells were plated in a 3-fold serial dilution. ELISpot
was performed as described above with a reduced incubation time of 6 h.

Antibody assessment by ELISA. Nunc MaxiSorp flat-bottomed 96-well ELISA plates were coated
with VZV antigen (Meridian Life Sciences no. 7740; 0.3 �g/well) and incubated overnight at 4°C. Plates
were blocked with phosphate-buffered saline (PBS) containing 10% FBS and 0.05% Tween 20 at room
temperature (RT). Plasma samples were serially 3-fold diluted, starting at 1:30. Plates were incubated at
RT for 90 min, IgG antibodies were detected with secondary goat anti-human IgG-HRP (Jackson no.
109-036-098), and plates were developed with the SigmaFast OPD tablet set. The reaction was stopped
after 8 min by adding 1 M HCl and read at 490 nm on a microplate reader (Bio-Rad). VZV lysate-specific
IgG levels were reported as endpoint titers, determined by repetitive analysis of a seronegative sample
(mean � 2 standard deviations [SD]). Data were analyzed with GraphPad Prism 7.0 software. Antibody
avidity was tested as previously reported (32). Briefly, 96-well ELISA plates were coated in duplicate with
lectin-purified VZV glycoproteins and normal tissue control antigen (Merck & Co, West Point, PA). Plasma
was used at dilutions of 1:20 to 1:100, depending on the antibody titer. One plate was treated as for
conventional ELISA (wash with PBS plus 0.05% Tween 20), and the second plate was washed with
PBS plus 0.05% Tween 20 containing 35 mM diethylamine (DEA). Plates were developed as described
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above, and optical density (OD) readings were acquired. The avidity index was calculated as (mean OD
with DEA � mean OD without DEA) � 100.

VZV-peptide CD4 T cell megapools. Three CD4 peptide megapools were designed, encompassing
peptides from VZV glycoprotein E (gE), all other structural VZV proteins, and nonstructural VZV proteins.
The gE megapool is composed of 123 15-mer peptides, overlapping by 10 amino acids and derived from
the gE protein of the Dumas reference sequence (NC_001348.1), available in the viral ExPASy database
(https://viralzone.expasy.org/). The VZV structural and nonstructural megapools are composed of 151
and 150 predicted HLA class II binding peptides, respectively, for an overall number of 301 peptides. Of
those, 258 were predicted based on the Dumas reference sequence (NC_001348.1) by using TepiTool
(33). Specifically, we applied the NetMHCIIpan 3.2 prediction algorithm on 7 HLA class II alleles that are
expected to represent and cover 50% of the class II responses worldwide, as previously described (34).
In this analysis, we applied a median cutoff of �5, ensuring that at least two peptides per protein were
selected. Additionally, we included 44 already experimentally defined epitopes, retrieved by querying the
IEDB (Immune Epitope Database) with the search parameters “positive assay only, No B cell assays, No
MHC ligand assay, Host: Homo Sapiens and MHC restriction class II.” The peptide composition of the
structural and the nonstructural megapools are detailed in Table S1 in the supplemental material.
Peptides were synthetized as crude material (A&A, San Diego, CA), resuspended in dimethyl sulfoxide
(DMSO), pooled, and sequentially lyophilized as previously described (35).

CD4 T cell ELISpot. CD4 T cells were isolated from cryopreserved BMCs and PBMCs by negative
selection (EasySep Human CD4� T cell isolation kit, no. 17952; Stemcell) and plated with CD3 T
cell-depleted (EasySep Human CD3 positive selection kit, no. 17851; Stemcell), autologous PBMCs at a
ratio of 1:1 to 1:3 on ELISpot plates coated with anti-IFN-� capture antibody (BD no. 51-2555KZ). Plated
cells were stimulated overnight with one of the three above-described peptide pools (VZV-gE, structural
VZV proteins, and nonstructural VZV proteins, each at 2 �g/ml). IFN-�-secreting cells were detected with
a biotinylated anti-IFN-� detection antibody (51-1890KZ; BD), followed by avidin-HRP (Vector Laborato-
ries no. A-2004). Plates were developed as described for the B-cell ELISpot.

Flow cytometry. Cryopreserved PBMCs and BMCs were thawed, and cells were stained in PBS–2% FBS
with a LIVE/DEAD fixable near-IR dead cell staining kit (Life Technologies) with anti-CD3 (clone SK7; BioLeg-
end), anti-CD4 (clone OKT4; BioLegend), anti-CD8 (clone RPA-T8; BioLegend), anti-CCR7 (clone 150503; BD),
anti-CD45RA (clone HI100; BioLegend), and anti-CD69 (clone FN50; BioLegend) antibodies and fixed with
FACS (fluorescence-activated cell sorting) lysing solution (BD no. 349202). All data were acquired the same day
on an LSR II cytometer (BD Biosciences) and analyzed using FlowJo software (V10; Tree Star).

Statistical tests. Data were analyzed with GraphPad Prism 7.0 software, and means, medians, and
standard deviations were determined. For correlations, equal distribution after log transformation was
assessed, linear regression was calculated, and R2 was reported. The paired Wilcoxon test was used for
comparison of paired data where specified. Statistical significance was set at a P value of �0.05.

SUPPLEMENTAL MATERIAL
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