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Resident memory T lymphocytes (TRM) of epithelial tissues and the Bm protect their host
tissue. To what extent these cells are mobilized and contribute to systemic immune reac-
tions is less clear. Here, we show that in secondary immune reactions to the measles-
mumps-rubella (MMR) vaccine, CD4+ TRM are mobilized into the blood within 16 to 48 h
after immunization in humans. This mobilization of TRM is cognate: TRM recognizing other
antigens are not mobilized, unless they cross-react with the vaccine.We also demonstrate
through methylome analyses that TRM are mobilized from the Bm. These mobilized cells
make significant contribution to the systemic immune reaction, as evidenced by their
T-cell receptor Vβ clonotypes represented among the newly generated circulating mem-
ory T-cells, 14 days after vaccination. Thus, TRM of the Bm confer not only local, but also
systemic immune memory.

Keywords: Bm Trm cells r epigenetic signature r mobilization r systemic memory r T-cell

receptor repertoire

:
Additional supporting information may be found online in the Supporting Information section

at the end of the article.

Introduction

Recent research has provided compelling evidence that, in addi-

tion to circulating central memory T cells (TCM )and effector mem-

ory T cells (TEM), which are readily detectable in the blood at all

times [1], there are also significant populations of noncirculat-

ing, tissue-resident memory T lymphocytes (TRM). TRM have been

described for a variety of tissues, such as the skin, gut, lungs, liver

[2–6], and Bm [7–11]. Compartments of TRM have been defined

by confinement in parabiosis experiments [12, 13], by distinct

gene expression signatures, including the marker CD69 [4, 7, 11,

14–16], and by exclusive antigen receptor repertoires and speci-

ficities [3, 7, 11]. While TRM of epithelial tissue are capable of

providing enhanced local protection at sites of previous infections

[2, 3, 13, 17–20], TRM of Bm preferentially maintain long-term

memory for systemic pathogens, like measles, mumps, and rubella

viruses. In elderly individuals with high titers of measles-specific

antibodies, few, if any, measles-specific memory CD4+ T lympho-

cytes are detectable in the blood, but they are readily detectable

in the Bm [7]. The question is: Do these cells also contribute to

systemic immune reactions?

Memory T cells are epigenetically imprinted to rapidly

(re)express, that is, “memorize” distinct genes upon reactivation

of their antigen-receptor , such as the IFNG gene for Th1 cells

[21], the Il4 gene for Th2 cells [22], and the RORC2, IL17A,

and IL17F genes for both Th17 and Th17-derived Th1 cells [23].

In addition, global demethylation of DNA accompanies prolifer-

ation and differentiation of memory T cells, with TCM (central

memory), TEM (effector memory), and TEMRA (TEM cells reexpress-

ing CD45RA) of blood showing a distinct pattern of demethyla-

tion which progresses along the line of differentiation, while Bm-

resident CD4+ memory T cells show a different pattern of global

demethylation [24].

In the Bm of humans and mice, TRM reside individually and

rest in niches organized by stromal cells, nonproliferative, and

transcriptionally silent [7, 8, 11]. Upon reactivation by antigen,

murine CD4+ TRM of the Bm form “immune clusters” and prolifer-

ate vigorously in the Bm, but GC-like structures are not observed

there [25]. Upon adoptive transfer, TRM of Bm can also contribute

decisively to secondary immune reactions [11], and fate mapping

of TRM in mice has shown that memory T cells downstream of

TRM can contribute to secondary immune reactions, although the

original tissue(s) of residency remained unclear [26, 27].

Here, we describe the cognate mobilization of human CD4+

TRM into the blood, in reaction to a challenge with the live

attenuated measles-mumps-rubella (MMR) vaccine, within 16

to 48 h after vaccination. Their epigenetic signature indicates

mobilized TRM as derived from the Bm. The mobilized TRM then

disappear again from the blood, and subsequently, their T-cell

receptor (TCR) repertoire is included into the repertoire of newly

generated, circulating memory T lymphocytes. Thus, Bm TRM

are rapidly mobilized and participate significantly in relevant

secondary immune reactions to systemic antigens.

Results

Mobilization of CD4+ TRM into the blood in a
secondary immune response

Eleven healthy human volunteers (MMR1-11), aged 28 to 43

years, were immunized subcutaneously with the live attenuated

MMR virus vaccine, as outlined in Fig. 1A. Prior to vaccina-

tion, serum IgG titers, specific for each of the three viruses, had

been determined to reassure their pre-existing memory. Except

vaccinee MMR4, who lacked antibodies specific for the measles

virus, all vaccinees had antibodies specific for each of the three

viruses, prior to vaccination (Supporting information Table S1).

Virus-reactive memory CD4+ T lymphocytes were identified upon

restimulation with antigen ex vivo, as cells expressing CD154
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(CD40L) and one or more of the cytokines IL-2, TNF-α, and IFN-γ,

as described previously [7, 28] (Supporting information Fig. S1A

and B), at the time points indicated in Fig. 1A. Frequencies of

antigen-reactive memory CD4+ T lymphocytes were highly repro-

ducible between measurements for technical replicates (Support-

ing information Fig. S2A) as well as for biological replicates,

that is, blood samples from individual control donors, taken on

two consecutive days without vaccination (Supporting informa-

tion Fig. S2B).

To examine the kinetics of antigen-reactive memory CD4+

T cells in response to vaccination, we monitored the levels of

29 virus-reactive memory CD4+ T-cell responses over time for

measles (in 11 vaccinees), mumps (10 vaccinees), and rubella

(9 vaccinees). Strikingly, vaccine-reactive memory CD4+ T cells

were rapidly mobilized into the blood in most, though not all vac-

cinees, evident from a significant increase in the number of mem-

ory CD4+ T cells reactive to measles (average from 188 to 344

per 106 CD4+ T cells) and mumps (average from 416 to 627 per

106 CD4+ T cells), within 16 to 24 h after vaccination (Fig. 1B

and C). By 24 h postvaccination, differences in the frequencies

of measles-, mumps-, and rubella-reactive memory CD4+ T cells

in the blood increased significantly, as compared to time-matched

“baseline” controls of not vaccinated donors (Supporting informa-

tion Fig. S2C).

Twenty of the 29 memory T-cell responses were also ana-

lyzed at 48- and/or 72-h after vaccination. Of those, 17 showed

peak responses of virus-specific CD154+cytokine+ memory CD4+

T cells at 16-, 24-, or 48-h after vaccination, followed by a steep

drop in frequencies (Fig. 1D), and in numbers to baseline or below

(Supporting information Fig. S3A) by 3–4 days. For example, a

37-fold increase in frequency (Fig. 1D) of measles-reactive mem-

ory CD4+ T cells corresponding to 676 more cells per 106 CD4+

T cells were observed at 16-h after vaccination in vaccinee MMR2

(Supporting information Fig. S3A). Similar early peak responses

of memory CD4+ T-cells reactive to the three vaccine antigens

are also exemplied by vaccinees MMR3 and MMR8 (Supporting

information Fig. S3A). Taken together, these data indicate that

antigen-reactive TRM are rapidly mobilized from their tissues of

residence and into circulation upon reactivation, and then disap-

pear again from the blood.

We continued tracking antigen reactive CD4+ T cells till day 14

after vaccination. In 26 of the 29 immune reactions monitored, on

average three- to fourfold increase in cell numbers (Supporting

information Fig. S3B) and four- to tenfold increase in frequen-

cies (Fig. 1D) of virus-reactive circulating memory T cells were

detected on day 14, as compared to d0 prevaccination levels. It is

interesting to note that among these 26 memory T-cell responses

analyzed, only 13 also showed an increase in virus-specific serum

IgG antibody titers (Supporting information Fig. S3A), and that

the magnitude of memory T-cell responses 2 weeks after vacci-

nation did not significantly correlates with specific antibody titers

before vaccination (Supporting information Fig. S4).

Mobilized TRM are activated, nonproliferative, and
polyreactive

In accordance with the rapid mobilization of vaccine-specific TRM,

as defined by their reaction to the antigens ex vivo (Supporting

information Fig. S1A and B), we also detected a rapid mobiliza-

tion of in vivo activated memory T cells in the four vaccinees

analyzed (MMR2, MMR3, MMR7, and MMR8) 16 to 48 h after

vaccination. Without restimulation ex vivo, these cells expressed

CD154 (Fig. 2A) and cytokines like IL-2, IFN-γ, or TNF-α (Fig. 2B).

It is a matter of debate whether memory T cells, tissue-

resident, or circulating, are maintained as nonproliferative, rest-

ing cells. To examine mobilized vaccine-specific memory CD4+

T cells for their ability to proliferate, these cells were stained

for expression of Ki67, an antigen that is expressed in all the

phases of the cell cycle, except for G0 [29]. Here, we show

that the numbers of Ki-67- expressing virus-reactive memory

T cells were undetectable in the blood of vaccinees up to

72 h after vaccination (Fig. 2C; Supporting information Fig.

S5), implying that mobilized memory T cells are nonprolifer-

ative. Later, on days 7 and 14 after reimmunization, antigen-

reactive Ki-67+CD154+cytokine+ memory CD4+ T cells were

readily detectable in the blood (Fig. 2C; Supporting information

Fig. S5), apparently reflecting newly generated effector or mem-

ory cells.

In secondary immune responses to infectious pathogens, such

as viruses, activated memory CD4+ T cells with the coexpression

of two or more of the cytokines IL-2, IFN-γ, and TNF-α, are consid-

ered to be more protective than those expressing only one of the

three cytokines [30, 31]. In contrast to circulating memory T cells,

TRM, especially measles-reactive memory CD4+ T cells residing in

the Bm, have been shown to express several cytokines simultane-

ously upon reactivation [7]. Here, we show that upon MMR revac-

cination, in 19 out of 29 memory T-cell responses with mobilized

memory CD4+ T cells, the majority of the CD4+ T cells, peaking

on day 1 express several cytokines simultaneously, that is, they

are “polyfunctional” (Fig. 2D; Supporting information Fig. S6A-

C) [30].

◭

Figure 1. Mobilization of CD4+ TRM into the blood in a secondary immune response. (A) Donor inclusion criteria and scheme for analyzing virus-
specific memory CD4+ T-cell responses following MMR booster vaccination. PBMCs from 11 vaccinees were stimulated with measles, mumps, or
rubella and analyzed for antigen-reactive CD154+cytokine+ memory T cells (memory CD4+ T-cells expressing CD154 [CD40L] and one ormore of the
cytokines IL-2, TNF-α, and IFN-γ) per 103 enriched CD154+memory CD4+ T cells (B; MMR1) or per 106 CD4+ T cells (C; MMR2-11) and in frequencies
relative to its maximum by 48 h after vaccination (D) at the indicated time points. In C, the dotted black line indicates the minimum threshold for
detection for the assay and the grey area underneath indicates values below the reliable detection limit. Significance was determined using paired
t-test with Welch’s correction. One-tailed p values are reported. In both B and C, data shown in grey represent the responses at 24-h that are less
than 30% greater than those before vaccination. In D, data shown in grey indicate vaccinees analyzed at the following time points: before (0), 24-,
72-h, and 2 weeks after vaccination. In B-D, data shown from indicated vaccinee(s) are representative of 55 independent experiments.

© 2022 The Authors. European Journal of Immunology published by
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Figure 2. Mobilized TRM are activated, non-proliferative and polyreactive. (A) PBMCs from vaccinees analyzed immediately after isolation for
CD154+ (A) and CD154+cytokine+ (B) CD45RA− memory T cells per 106 CD4+ T cells before and at indicated time points after vaccination. (C,
D) PBMCs from vaccinees stimulated with measles, mumps, or rubella and analyzed for antigen-reactive Ki-67+CD154+cytokine+ memory T cells
(C) and single, double, or triple cytokine-producing subpopulations of CD154+cytokine+ memory T cells (D) per 106 CD4+ T cells before and at
indicated time points after vaccination. In C and D, the dotted black line marks the assay’s minimum threshold for detection, and the grey areas
underneath represent values below the reliable limit of detection. In A-D, data shown from indicated vaccinees are representative of at least 20
independent experiments.

Mobilization of CD4+ TRM by MMR vaccine is cognate

The rapid mobilization of vaccine-reactive memory CD4+ T cells

into the blood was not due to a general increase in the numbers

of peripheral T cells and memory T cells (Supporting information

Fig. S7). To determine whether the rapid mobilization of vaccine-

reactive memory T cells is antigen-specific or not, we determined

whether the MMR vaccine also mobilized memory T cells recog-

nizing the antigen tetanus toxoid (TT). Surprisingly, we observed

a rapid mobilization of TT-reactive memory T cells in three out

of four vaccinees analyzed (Fig. 3A). Moreover, these vaccinees

also showed a drop in numbers of TT-reactive memory T cells on

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 3. Mobilized CD4+ TRM by MMR vaccine is cognate. (A) Mobilization of TT-reactive memory T cells following MMR booster vaccination.
PBMCs from four vaccinees stimulated with TT and analyzed for TT-reactive CD154+cytokine+ CD45RA− memory CD4+ T cells. (B, C) Specificity
of expanded measles- or TT-reactive CD154+ memory CD4+ T cell lines isolated before (B) after (C) MMR vaccination. PBMCs from MMR vaccinees
MMR8 were stimulated with measles antigen or TT before (d0; B) or one (d1; C) day after MMR vaccination. Antigen-reactive CD154+ CD4+ memory
T cells were isolated from these samples and expanded for 14 dayswith IL-2 and autologous antigen-presenting cells. Expanded cell lines were then
restimulated with the indicated antigens in the presence of autologous antigen-presenting cells and reactive cells were identified by coexpression
of CD154 and one or more of the cytokines: IL-2, TNF-α, and/or IFN-γ. (D) The production of IgG antibodies specific for TT antigen before and after
MMR vaccination for indicated vaccinees. The dotted black line marks the assay’s minimum threshold for detection, and the grey area underneath
represents values below the reliable limit of detection. (A-D) Data shown are representative of at least three independent experiments.

days 2 and/or 3 following vaccination, and their reappearance

again between days 7 and 14 (Fig. 3A), resembling the kinetics

of vaccine-reactive memory T cells (Supporting information Fig.

S3A). One of the donors (MMR7) did not show a mobilization

of TT-reactive memory T cells, demonstrating that no such Trm

had been pre-existing in that donor, and serving as an important

internal control, demonstrating the specificity of moblization.

To investigate whether the mobilized TT-reactive memory

T cells were cross-reactive to the MMR vaccine, TT-reactive

CD154+CD69+ memory T cells were isolated from one vacci-

nee (MMR8) before and one day after MMR vaccination. These

cells were then expanded for 2 weeks with IL-2, before restim-

ulation with measles, mumps, rubella, CMV, or TT antigens. TT-

reactive T cells isolated before vaccination were only reactive to

TT, but not to other analyzed antigens (Fig. 3B). Interestingly, TT-

reactive T cells isolated after vaccination were reactive to both

TT and measles, but not to mumps or rubella (Fig. 3C), suggest-

ing that cross-reactive memory T cells had been mobilized in this

vaccinee, and that mobilization indeed had been antigen-specific.

Even though cross-reactive memory T cells were mobilized, and

apparently also activated by MMR vaccination, this did not have a

detectable impact on TT-specific serum antibody titers (Fig. 3D).

Mobilized CD4+ TRM contribute to a systemic
secondary immune reaction

To determine whether mobilized vaccine-reactive memory T cells

contribute to the immune response triggered by the vaccine, we

compared the TCR CDR3 Vβ clonotypes of rapidly mobilized

memory T cells to those of the memory T cells present in the

blood 14 days after vaccination. To this end, two replicates with

equal numbers (2.5 × 103) of measles-reactive CD154+CD69+

memory CD4+ T cells (which include cytokine-secreting cells)

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 4. Mobilized CD4+ TRM contribute to a systemic immune reaction. PBMCs that were isolated before (d0) and one (d1) and 14 (d14) days
after MMR vaccination from vaccinee MMR10, were restimulated ex vivo with measles antigen, and examined for measles-reactive CD154+CD69+

memory CD4+ T cells. Analogous data for vaccinee MMR11 are shown in Supporting information Fig. S8. (A) Analysis from two replicates of CDR3
Vβ clonotypes for each time point show the “overlap,” that is, the number of clonotypes detected in both replicates, in clonotype count (Venn
diagrams) and frequency (bar graphs). (B) TCR repertoire diversity was measured using the inverse Simpson and Shannon Wiener indices at three
time points for both replicates in A. Error bars indicate standard deviation after repetitive down-sampling. (C) Venn diagrams show comparative
numbers of clonotypes in “pooled” repertoires, that is, clonotypes detected in at least one replicate. Clonal space (bar graph) corresponds to the
fraction of reads detected on d14, “overlap” or “pooled,” which were additionally present in at least one of the replicates at the indicated time
points. Numbers in the bar plot indicate the numbers of clonotypes (for pooled replicates, these numbers match those of the Venn diagram). (D)
Frequency distributions of “circulating, persistent” (d14 + d0 + d1), “mobilized, persistent” (d14 + d1), and “new” (only d14) clonotypes (see C), as
compared to the clones in overlap of replicates on d14. For “new,” only the 30most frequent clonotypes are shown. (E) Contribution of each replicate
to the “circulating, persistent” and “mobilized, persistent” clonotypes. Clonal space is given as the percentage of reads in the overlap of replicates
on indicated days, and only clonotypes present in all relevant samples are shown. (F) Comparison of the overlap of samples taken on different
days or taken on the same day. Shown are the distributions of indicated sample overlaps after repetitive down-sampling to the smallest number
of reads among all samples taken on d0 and d1 (see also Supporting information Fig. S8F).

were isolated from 30 mL of peripheral blood drawn from donors

MMR10 and MMR11 before (d0), and one (d1) and 14 (d14) days

after MMR vaccination. The global CDR3 Vβ clonal repertoires of

measles-reactive memory CD4+ T cells at these three time points

(Fig. 4A; Supporting information Table S2, Fig. S8A) were then

compared based on their clonal diversity and relatedness.

The number of CDR3 Vβ clonotypes increased by ≥75% from

d0 to d1 in both vaccinees, MMR10 (Fig. 4B) and MMR11

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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(Supporting information Fig. S8B), as well as across all mea-

sured samples. Clonal diversity increased from d0 to d1 in both

donors as well, as quantified by the inverse Simpson index, which

provides a measure of diversity that can be interpreted as the

“effective number of parties” in a given sample [32] (Fig. 4B; Sup-

porting information Fig. S8B). By day 14, the diversity and num-

ber of clonotypes stayed high in MMR10 (Fig. 4A), and decreased

to basal levels in MMR11 (Supporting information Fig. S8B), in

line with their T-cell response kinetics (Supporting information

Fig. S4B). Another measure of diversity, the Shannon Wiener

Index (Fig. 4B; Supporting information Fig. S8B) gave qualita-

tively similar results. Together, these results demonstrate that the

MMR vaccine triggers the mobilization of antigen-reactive mem-

ory CD4+ T cells expressing distinct clonotypes, which had been

absent from the repertoire of pre-existing circulating memory T

cells prior to vaccination.

To assess the contribution mobilized T cells make to the

CDR3 Vβ clonotype repertoire on day 14 postvaccination, we

analyzed the clonal space at this time in more detail. To this

end, we considered both the “pooled” clonal space (clono-

types detected in either of the replicates) and the “overlapping”

clonal space (clonotypes detected in both replicates) (Fig. 4A

and C; Supporting information Fig. S8A and C). In both vac-

cinees, the largest fraction of antigen-reactive CD4+ T cells

on day 14 consisted of clonotypes that had not been detected

in the blood on either day 0 or day 1, 619 clonotypes com-

prised 60% of the pooled clonal space for MMR10, and 488

clonotypes comprised 80% of pooled clonal space for MMR11

(Fig. 4C). On day 14, 21 clonotypes represented in MMR10

and 22 in MMR11 (about 25% and 10% of the pooled clonal

space, respectively) were identified as “circulating” clonotypes

that were detected on d0, d1, and d14. At the same time, 40

clonotypes represented in MMR10 and 60 in MMR11 (compris-

ing about 15% and 10% of the pooled clonal space, respec-

tively) were identified as “mobilized” clonotypes, that is, detected

on d1 and d14, but not on d0 (Fig. 4C; Supporting infor-

mation Fig. S8C; highlighted in yellow). In the “overlapping”

clonal space, representing clonotypes detected in both repli-

cates of each day for a given vaccinee, the “mobilized” clono-

types represented about 20 and 10% of the repertoire on d14

for MMR10 and MMR11, respectively. Similarly, the “circulating”

clonotypes at the same time point accounted for about 40 and

15% of the repertoire for donors MMR10 and MMR11, respec-

tively (Fig. 4C; Supporting information Fig. S8C). Remarkably,

we detected three highly abundant clonotypes with more than

5% of reads in donor MMR10, one characterized as “mobilized”

and two “circulating” (Fig. 4D). In MMR11, no highly abun-

dant clones were detected on d14 (Supporting information Fig.

S8D), in agreement with the reduced Simpson diversity mea-

sured in this donor (Supporting information Fig. S8B). In both

donors MMR10 and MMR11, individual “circulating” and “mobi-

lized” clones that were consistently detectable in each of the

replicates maintained their clonal space or even expanded, such

as clone I of donor MMR10 (Fig. 4E; Supporting information

Fig. S8E).

To exclude the option that detection of increased diversity on

d1, as compared to d0, was merely due to the higher sampling

rate on d1 (Supporting information Table S2), we tested the “null

hypothesis” that the repertoires on d0 and d1 had the same num-

ber of different clonotypes. If that had been the case, and all sam-

ples taken on d0 and d1 were representing the same repertoire,

only at varying sampling effectivity, the overlap between repli-

cates on each day would be the same as those between replicates

of different days. However, this is not the case: after repetitive

random down sampling of the number of reads from a given sam-

ple to those with the least number, the distribution of those with

overlapping regions between replicates of the same day was sig-

nificantly different from the distribution of overlapping regions

between replicates representing different days (Fig. 4F; Bonfer-

roni corrected p-values < 10−4). This was true for all possi-

ble combinations of samples in both donors, ruling out the null

hypothesis (Supporting information Fig. S8F), and demonstrating

that indeed the repertoires of d0 and d1 were different due to the

mobilization of memory T cells with additional clonotypes.

Taken together, these findings show that MMR vaccination

induced an influx of mobilized measles-specific CD4+ TRM coex-

pressing functional new CDR3 Vβ clonotypes into the blood,

establishing that mobilized TRM provide a significant contribution

to the systemic secondary immune reactions against measles.

TRM are mobilized from Bm

TRM could be derived from secondary lymphoid organs, or

from tissues, which do not mount classical, GC-based sec-

ondary immune reactions themselves, like the Bm [25]†††.

To identify the tissue-of-origin of the TRM mobilized by vac-

cination, we analyzed their epigenetic signatures, which we

had shown earlier to discriminate between circulating memory

T cells from blood and TRM of Bm [24], and which we considered

to be robust against activation and mobilization of the TRM. TRM

of spleen (Sp) and Bm, and antigen-reactive memory T cells from

blood before vaccination (day 0) and on day 1 after vaccination,

at the peak of mobilization, were submitted to multiplex reduced

representative bisulfite sequencing (mRRBS) [33] (Supporting

information Table S3). Measles- and TT-reactive memory CD4+

T cells were isolated ex vivo from the blood of two vaccinees

before (d0) and one day (d1) after vaccination with MMR or

diphtheria-tetanus-pertussis, respectively. Methylomes of these

cells were compared to those of CD4+CD69+ TRM isolated from

Bm or Sp (Supporting information Fig. S9A). In total, 725 307

genomic tiles of 500 bp length were compared across all samples.

Since epigenetic signatures of antigen-reactive memory T cells

on d1 are expected to include both, circulating, antigen-reactive

memory T cells already present on d0, and antigen-reactive TRM

mobilized from tissue, we focused on 10 632 tiles representing

differentially methylated regions (DMR) with high variance (>

0.1) across the four sample types (Supporting information Fig.

S9B). As such, DMR identified for TRM of Bm and Sp, and antigen-

reactive memory T cells of blood on d0 and d1, 85 signature
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Figure 5. TRM are mobilized from bone marrow. Antigen-reactive memory CD4+ T cells before (D0) and after (D1) MMR or TT vaccination were
isolated from two donors as described in Fig. 4. Methylomes of these cells were compared to those of CD4+CD69+ TRM isolated from Bm or Sp, each
two replicates, consisting of pooled cells from three individuals and/or cells from an individual (see also Supporting information Fig. S9A). (A) A
heatmap of 85 identified signature DMR (see also Supporting information Fig. S9B) of 500-bp tile that are hypo-and hypermethylated for Bm versus
Sp TRM and overlap with those between D0 versus D1 cells were hierarchically clustered and displayed. Themethylation beta value per tile is shown
for each DMR in rows. The extent of methylation values is color coded. The more the yellow, the less the methylation value; the more the blue,
the more the methylation value. (B) A Beeswarm boxplot based on the same DMR in (A). The value on the y-axis inversely correlates the similarity
between two groups (e.g., Bm–D0) of each comparison listed on the x-axis. Distribution of the mean methylation beta values of all the DMR shown
in (A) in cross comparisons of indicated samples. ****p < 0.001; **p < 0.01. (A and B) Data shown are representative of at least four independent
experiments.

DMR were identified (Supporting information Table S5). Among

them, methylation of 74 DMR significantly hypomethylated and

11 DMR significantly hypermethylated in Bm as compared to

Sp. The methylation pattern of those 85 DMR of circulating

antigen-reactive memory T cells of d0 is similar to that of TRM

from Sp, less so to those from Bm. Antigen-reactive memory T

cells of d1 present as intermediate between Sp and Bm, closer to

Bm than those of d0, suggesting that antigen-reactive TRM of d1

are a mixture of circulating memory T cells: those already present

on d0 and previous TRM mobilized from the Bm (Supporting

information Fig. 5A). The change in similarity toward the Bm

signature is highly significant (p < 0.0001; Fig. 5B). Moreover,

we also compared the methylation patterns of those 85 DMR of

these four analyzed cell types by principal component analysis.

Corroborating the results shown in Fig. 5, the predominant

principal component 1 (PC1, 83.345%) shows antigen-reactive

memory T cells of d0 were more similar to Trm from Sp than

from Bm, whereas antigen-reactive memory T cells of d1 moved

away from Sp toward Bm. The PC2 (5.204%) also shows d1 cells

were more close to Bm than Sp (Supporting information Fig.

S8C). Taken together, the TRM mobilized by vaccination show

the epigenetic signatures of TRM of the Bm, indicating that TRM

of the Bm can leave this tissue, circulate again and join immune

reactions in secondary lymphoid organs.

Discussion

The discovery of memory T lymphocytes residing in distinct tis-

sues, like the skin [2], lungs [4, 13] and Bm [7, 11] has revealed

a considerable compartmentalization of immunological memory.

TRM lymphocytes, especially those residing in epithelial barrier tis-

sues, have generally been considered to provide site-specific pro-

tection against repeated antigenic challenges within their tissue of

residence [13, 18, 34]. The role of TRM in systemic immune reac-

tions of secondary lymphoid tissues has been enigmatic, despite

the fact that more than 50 years ago, pioneering work by McGre-

gor and Gowans had shown that, in the absence of circulat-

ing lymphocytes, secondary systemic immune reactions are not

impaired [35]. Despite this fundamental observation, the contri-

bution of TRM to systemic secondary challenges has been, thus, far

unexplored.

In the present study, we have tracked antigen-specific mem-

ory CD4+ T lymphocytes in the peripheral blood of human adult

donors over a 2-week time period following immunization with

a combined MMR vaccine. All but one of the donors had pre-

existing immunological memory for all of these viruses, that is,

virus-specific IgG antibodies. In contrast to our previous cohort

of 40–70 year old donors, most of whom did not have detectable

numbers of measles-reactive memory CD4+ T cells in the blood
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[7], many of the present study subjects (aged 28- 43 years)

had detectable virus-reactive memory CD4+ T cells in the blood,

before vaccination (d0). Irrespective of this, in 20 of the 29 sec-

ondary immune responses analyzed, we observed a rapid mobi-

lization of virus-reactive memory CD4+ T cells into the blood, 16

to 24 h after immunization. These cells then disappeared from

the blood between days 2 and 3, and reappeared again start-

ing on day 7 and increasing in number until day 14, the last

point of analysis. The rapid mobilization of CD4+ TRM into the

blood is antigen-specific (cognate), and contributes to the sys-

temic immune response, as is evident by the presence of their

antigen-specific clonotypes among those memory T cells isolated

from blood samples taken on day 14. Interestingly, the mobi-

lized TRM show the epigenetic signature of TRM of Bm, an organ

which does not develop the germinal centers required for effi-

cient secondary immune reactions in lymphoid tissue (Siracusa et

al, 2018), while the antigen-specific circulating memory T cells of

blood before vaccination resemble TRM of the Sp.

Antigen-specific memory provided by the adaptive immune

system is multilayered. Antibodies secreted by memory plasma

cells provide immediate protection, while memory T and B lym-

phocytes provide reactive memory against excessive or modified

antigen [9, 36]. Moreover, immune memory cells are compart-

mentalized in various tissues [9, 37]. We have previously shown

that prominent populations of memory plasma cells and memory

CD4+ and CD8+ T lymphocytes reside and rest in the Bm [7, 8, 11,

16]. Memory CD4+ TRM of the Bm maintain long-term memory to

systemic pathogens, like measles, mumps and rubella, even in the

apparent absence of such memory cells circulating in the blood.

CD4+ TRM are heterogeneous, with a continuing debate on the

transcriptional identity and lifestyle of these cells [7, 9, 10, 14, 16,

38]. Whether or not the residency is temporarily or longlasting, is

not addressed here in detail, although our previous results, show-

ing the exclusive presence of measles-reactive memory T cells in

the Bm, as compared to the blood, would argue that the resi-

dency is longlasting, at least for measles-specific Trm [7]. Here,

we demonstrate the rapid mobilization of CD4+ TRM specific for

measles, mumps or rubella into the blood upon antigenic rechal-

lenge, and describe their significant contribution to the systemic

secondary immune response. The expression of CD154 on these

cells and their rapid accumulation without proliferation indicates

that they had been recently activated and mobilized. According to

their epigenetic signature, TRM of the Bm are mobilized, and these

TRM are polyfunctional in terms of cytokine expression, a decisive

property of MMR-specific CD4+ TRM of Bm [7].

Ten of the 11 immunized vaccinees (MMR1-3 and MMR5-11)

had pre-existing memory to all three viruses. Only one donor,

MMR4 did not have measles-specific IgG antibodies prior to

vaccination. The 29 individual memory immune reactions ana-

lyzed in this study from the 11 donors who participated dis-

played a considerable amount of heterogeneity. For example, the

rapid mobilization of virus-specific tissue-resident memory CD4+

T lymphocytes was independent of pre-existing antibody titers,

for example, MMR6 and MMR8 both displayed rapid mobiliza-

tion despite having dramatically different baseline antibody titers

against measles antigen (2408 and 424 mIU/mL, respectively).

Mobilization of virus-specific tissue-resident memory CD4+ T cells

also did not correlate with numbers of pre-existing circulating

memory cells of the same specificity, for example, the number of

mumps specific memory T cells per 106 CD4+ T cells for MMR2

increased from 158 to 251 from d0 to d1, while in MMR5 numbers

remained constant, 175 and 180, on d0 and d1. Moreover, mobi-

lization of virus-specific tissue-resident memory CD4+ T cells did

not correlate with the efficacy of generating new antigen-specific

antibodies in the subsequent immune reaction (e.g., rubella titers

in MMR2 remained stable, 142 before versus 140 U/mL follow-

ing vaccination, while MMR3 showed an increase in rubella anti-

body titer from 82 to 140 U/mL) nor with increased numbers of

antigen-specific memory T cells on day 14 (e.g., 1143 measles-

specific memory T cells per 106 CD4+ T cells measured from

MMR2, and only 407 from MMR8). Thus, the mobilization of

virus-specific TRM, triggered by vaccination, is an independent

event, and presumably reflects the availability of TRM in a given

vaccinee.

The mobilization of TRM is cognate, that is, only antigen-

reactive CD4+ T cells are mobilized. First of all, in the vaccinees

analyzed, the overall numbers of memory CD4+ T lymphocytes in

the blood did not change significantly after vaccination. Second,

although we observed mobilization of memory CD4+ T cells rec-

ognizing TT, an antigen not present in the MMR vaccine, only TT-

reactive CD4+ T cells that cross-react with the vaccine were mobi-

lized, in line with the notion that mobilization is cognate. It might

due to the difference in time window of T-cell response assessed

that others observed a bystander activation of pre-existing mem-

ory CD4+ T cells at week 1 or 2 post-TT vaccination [39, 40].

Rapid reactivation kinetics of TRM has been observed within

their host tissue previously. We have shown before, that in the

maintenance phase of memory, TRM of Bm individually localize

to stromal cells of the Bm, and MHC class II-expressing APCs are

not present within their vicinity [11, 25]. However, upon cognate

reactivation in situ, TRM of Bm are rapidly mobilized from their

niches, aggregate in “immune clusters” with APCs and proliferate

vigorously [25]. In the present study, mobilized CD4+ TRM showed

no sign of proliferation on day 1 and 2 after vaccination, suggest-

ing that they had left their tissue niches and directly egressed into

the blood, and not participated in the immune clusters of Bm.

In functional terms, the mobilized TRM did contribute signif-

icantly to the subsequent systemic secondary immune reactions

examined in our study. In the vaccinees analyzed, TCR clonotypes

of mobilized TRM, that is, those cells detected on day 1 but not

on day 0, were present at equal or higher frequency among mem-

ory CD4+ T cells on day 14. In the relatively young population of

vaccinees analyzed here (28- to 43-year-old), circulating memory

CD4+ T cells and mobilized TRM contributed about equally to the

systemic secondary immune reaction. We have previously shown,

in a cohort of subjects between 40 and 70 years of age, that cir-

culating memory CD4+ T cells specific for measles, mumps, and

rubella disappear, while their tissue-resident counterparts remain

easily detectable in the Bm, which also hosts significant popu-

lations of memory T cells specific for other systemic pathogens
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and antigens, for example, tetanus [7]. The present results would

predict that in older individuals, the systemic secondary immune

response to childhood pathogens is entirely dependent on the

mobilization of TRM. This would be predicted to provide efficient

protection, due to the polyfunctional nature of these mobilized

memory T cells [31].

Our results are in line with recent data obtained from animal

models, demonstrating that TRM can recirculate again and con-

tribute to secondary immune reactions in secondary lymphoid tis-

sues [26, 27]. Here, we demonstrate for the first time, that in

humans, TRM from the Bm, a tissue which does not develop GCs on

its own, are mobilized in reaction to vaccination and participate

significantly to secondary immune reactions. The Bm hosts signif-

icant numbers of memory T cells specific for systemic antigens,

and obviously the immune system makes efficient use of them.

This does not exclude the possibility that TRM might be mobilized

from other tissue(s) also hosting such long-term systemic T-cell

memory, which has not yet been shown.

Materials and methods

Human Donors

The recruitment of study subjects was conducted in accor-

dance with the approval from the local ethical commission

Charité-Universitätsmedizin Berlin (EA1/303/12, EA1/105/09,

and EA1/342/14) and informed consent in accordance with the

Declaration of Helsinki. Sixteen healthy adults (5 males and

15 females; age ± SEM = 34.29 ± 1.78) with either docu-

mented measles, mumps, or rubella vaccination history or expo-

sure through natural measles, mumps, or rubella infection were

screened for levels of pre-existing vaccine-reactive antibody titers

(analyzed by Medizinisches Versorgungszentrum Labor, Berlin).

The donor’s previous antigen exposure, either by vaccination or

by natural infection, was verified by detectable antigen-reactive

antibody titers. This study discusses results obtained from seven

donors without vaccination and 13 donors who received a live

attenuated MMR (Priorix, GSK, Germany) or diphtheria-tetanus-

pertussis (COVAXiS, Sanofi-Aventis, Germany) booster vaccina-

tion. Bm samples were obtained from six female donors (age ±

SEM = 65.4 ± 2.57) undergoing hip replacement operations. Sp

cells were isolated from cryopreserved (−80°C) Sp tissue samples

from four female donors (age ± SEM = 44.5 ± 4.24) obtained for

diagnostic purpose.

Sample collection and preparation

Fifty millilitres of blood was drawn from each donor before vacci-

nation (day 0), and at six time points (16 h and days 1, 2, 3, 7, and

14) or at two time points (days 1 and 14) after vaccination into

Vacutainer Heparin tubes (BD Biosciences, Plymouth, UK). Blood

samples were subjected to immediate preparation and analyses.

Mononuclear cells were isolated by density gradient centrifuga-

tion using Ficoll–Hypaque (Sigma-Aldrich). Serum samples were

collected on days 0, 1, 3, and 14 before and after vaccination

into Vacutainer SSTTM tubes (BD Biosciences) and stored at −20°C

until further use. Tissue-derived mononuclear cells were filtered

with a 70 µL cell strainer prior to a density gradient centrifugation

using Ficoll–Hypaque.

Flow cytometry analysis

Staining, data acquisition, and analysis were carried out as

described previously [7, 41]. Eight- to twelve-color flow cytome-

try analysis was performed for the analysis of phenotype, cytokine

profile, activation status, and cell sorting using a BD FACSAria

cell sorter, LSRFortessa flow cytometer (BD Biosciences), or MAC-

SQuant (Miltenyi Biotec). The following anti-human antibodies

were used to stain cells: CD45, CD3, CD19, CD14, CD4, CD8,

CD45RA, CD25, CD127, CCR7, Ki67, CD154, CD69, IFN-γ, IL-2,

TNFα, and fixable live/dead or PI. Stained cells were acquired

using FACSDiva (BD Biosciences) or MACSQuantify software and

data were analyzed with FlowJo (Tree Star).

Quantification of leukocytes

Immediately following each blood draw, a 50 µL aliquot of whole

blood was stained with 50 µL of a fluorochrome-conjugated

mouse anti-human antibody mixture (CD45, CD56, CD19, CD14,

CD3, CD4, and CD8) in the presence of FcR-blocking reagent

(1:5). After staining, erythrocytes were lysed by adding 500 µL

of buffer EL and incubating for 30 min at 4°C. A 300 µL of each

sample was acquired and the total number of CD3+THcells was

enumerated on a MACSQuant (Miltenyi Biotec) and used to esti-

mate the number of CD4+CD45RA− memory T cells according to

the frequency of CD45RA− among CD4+ cells in the staining panel

of analyzing antigen-reactive memory CD4+ T cells.

Identification of antigen-reactive memory CD4+ T cells

PBMCs were cultured in RPMI 1640 supplemented with 1%

GlutaMAX, 100 U/mL penicillin, 100 µg/mL streptomycin, and

5% (vol/vol) human AB serum. Anti-CD28 (1 µg/mL), measles

(5 µg/mL), mumps (10 µg/mL), rubella (5 µg/mL) antigen, and

TT (1 lethal factor/mL) were used to stimulate cells. Stimulation

with CD28 alone and in combination with Staphylococcal entero-

toxin B (1 µg/mL) were used as negative and positive controls,

respectively. For each condition, at least 5–10 × 106 cells were

stimulated for a total of 7 h at 37°C and 5% CO2, with brefeldin

A (1 µg/mL) added to the mixture for the last 4 h. Stimulated

cells were first stained for surface antigens followed by fixation

with BD FACS lysing and Perm2 solutions according to the

manufacture’s instruction. Antigen-reactive memory CD4+ T cells

were identified as Live/Dead−CD19−CD14−CD3+CD8−CD4+
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CD45RA−CD154+cytokine+ and proliferating antigen-reactive

cells as live/dead−CD19−CD14−CD3+CD8−CD4+CD45RA−

CD154+Ki67+. At least 106 lymphocytes were analyzed for each

condition. Additionally, antigen-reactive CD154+ memory CD4+

cells were isolated using the CD154 MicroBead Kit. In brief,

cells were labeled with CD154-biotin conjugated antibodies

before incubation with anti-biotin microbeads and enriched by

two sequential MS MACS columns. Cell surface staining was

performed on the first column, followed by fixation, permeabi-

lization, and intracellular cytokine staining on the second column

using a previously established protocol [28].

Isolation of antigen-reactive memory CD4+ T cells

At least 5 × 106 PBMCs were stimulated for 7 h with antigen in the

presence of 1 µg/mL anti-CD40. Stimulated cells were stained for

15 min at room temperature with the following antibodies: CD3,

CD4, CD8, CD19, CD14, CD45RA, CD69, and CD154. Antigen-

reactive memory CD4+ T cells were identified by the expression

of PI−CD19−CD14−CD3+CD8−CD4+CD45RA−CD154+CD69+.

Measles-reactive memory CD4+ T cells sorted before, days 1 and

14 after vaccination were further processed for TCR CDR3 Vβ

sequencing. In addition, measles- and TT-reactive memory CD4+

T cells sorted 1 day after vaccination were used for the generation

of antigen-reactive T-cell lines.

Expansion and restimulation of antigen-reactive
memory CD4+ T-cell lines

Purified antigen-reactive CD69+CD154+ memory CD4+ T cells (as

described earlier) were cultured with CD3 depleted and irradiated

(40 Gy on ice for 35 min) autologous feeder cells at ratios of 1:100

in a 48-well plate in X-VIVO15 medium supplemented with 100

U/mL penicillin, 100 µg/mL streptomycin, 5% (vol/vol) human

AB serum, and 200 IU/mL IL-2. Cells were expanded for 14 days,

with 200 IU/mL IL-2 supplemented every 3 days during the first

10 days of the cell culture.

For restimulation, freshly isolated autologous PBMCs were

labeled with CFSE (1 µM) following the manufacturer’s protocol.

CFSE-labeled PBMCs were cocultured with 2.5 × 105 expanded

T cells at ratios of 2:1 and stimulated with different antigens

(measles, mumps, rubella, TT, or CMV) in the presence of CD28

(1 µg/mL) for 6 h, with the last 4 h with brefeldin A (1 µg/mL).

Stimulated cells were stained with surface antigens and intracel-

lular cytokines.

Determination of antigen-specific antibodies by
Enzyme-linked Immunosorbent Assay (ELISA)

Before and after MMR vaccination, antigen specific IgG responses

against measles, mumps, or rubella, using an antigen-specific

ELISA kit following the manufacturer’s recommendations. Sim-

ilarly, levels of serum IgG against TT were analyzed with an

antigen-specific ELISA kit.

TCR CDR3 Vβ gene library preparation

Total RNA was extracted from 2500 measles-reactive memory

CD4+ T cells using the Qiazol Lysis Reagent and a miRNAeasy

Micro Kit, following the manufacturer’s protocols. The resulting

13 µL RNA was assayed for concentration and quality using a

Bioanalyzer. Eight microliter RNA was then processed for TCR

CDR3 Vβ library preparation, following a published protocol [42]

with modifications. Briefly, the first strand of cDNA with the 5’

template switch adapter SmartNNNa was synthesized using a

SMARTScribe reverse transcriptase, following the manufacturer’s

instruction. cDNAs were purified using a MinElute PCR purifica-

tion Kit prior to a two-step PCR with a proof-reading Q5 DNA

polymerase and barcoded primers (see key resources table). PCR

products from each step were purified using a QIAquick PCR

purification kit, following manufacturer’s instruction. Second

round of PCR products containing fragments (about 550 bp in

length) were sliced under a Blue LED Transilluminator (Herolab,

Germany) and further purified by PCR-clean-up gel extraction

and stored at −20°C until adaptor ligation and sequencing. The

concentration of the size-selected PCR products was determined

using a Qubit fluorometer. Finally, all barcoded PCR products

or samples were mixed together at equal ratios, and the Illu-

mina adapters were ligated according to the manufacturer’s

protocol. Pooled libraries were purified by PCR-clean-up gel

extraction.

TCR CDR3 Vβ gene sequencing and data analysis

Paired-end (2 × 150 bp) sequencing of the TCR CDR3 Vβ gene

transcripts were performed on an Illumina NextSeq 500 platform.

Inline barcodes were demultiplexed and the Illumnia adapters

removed by Illuminas bcl2fastq 1.8.4 software. Demultiplexing

of sample barcodes as well as the extraction of the CDR3 Vβ

gene sequences were performed by the open source software tools

migec 1.2.4 [43] and VDJtools [43] using the unique molecu-

lar identifier (UMI)-guided assembling and error correction with

default setting, minimal number of 5 reads per UMI and blast.

Data from two replicates at the same time point were either

pooled or merged for overlap if specified. For downstream anal-

ysis and plotting, base-level R functions and the public available

software package VDJtoolsv [44] were used.

The inverse Simpson index is a measure of diversity commonly

applied in ecology, it can be computed as D = [
n∑

i=1

p2i ]
−1, where

the pi are relative frequencies of all n observed clonotypes.

If all clonotypes have equal frequency, that is, pi = 1/n for

all i, then D = n, and, therefore, D can be interpreted as the

“effective number of parties” generating the observed diversity

in a given sample. Although the inverse Simpson index is a
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comparatively robust measure of diversity [32], for direct com-

parisons between experiments we adjusted the total number of

reads by “downsampling,” that is, taking a random selection

of samples until the number of reads in the smallest sample

is reached.

Isolation of CD4+ TRM from Bm and Sp samples

Single-cell suspension of Bm and Sp samples was stained with

surface antibodies for 10 min at 4°C. DAPI (1 µg/mL) was

used as a dead cell exclusion marker. Viable TRM (CD4+CD69+

memory T-cells) were purified as CD45+CD3+DUMP−CD25−

CD4+CD45RO+CD69+ by FACS using a BD FACSAria II cell sorter

(BD Biosciences). Purity of the sorted cells was determined as

>98% by postsort check. Data were analyzed using the FlowJo

V10 software (Tree Star).

Genomic DNA extraction and mRRBS

Purified TRM cells from Bm and Sp samples, and blood antigen-

reactive memory CD4+ T cells isolated before (d0) and after (d1)

MMR or TT vaccination were immediately subject to genomic

(g) DNA extraction using a DNeasy blood and tissue kit (Qia-

gen), following the manufacturer’s protocol. All gDNA samples

were quantified using a Qubit fluorometer (Invitrogen). Six DNA

samples were pooled into two DNA samples (each pool con-

sists of equal amount of gDNA purified from the identical cell

type of three female donors). mRRBS was applied for higher

throughout and low amounts of input DNA according to the pub-

lished procedure 2 [45], with minor modifications. Briefly, 50–

100 ng of gDNA was digested overnight at 37°C with HaeIII

restriction enzyme in a 30-µL reaction. After A-tailing reaction

with Klenow fragment exo-, sample-specific sequencing adap-

tors were ligated using T4-ligase followed by bisulfite conversion

with the EZ-DNA methylation Gold kit and 12–18 cycles of PCR

amplification. After purification with AMPure XP beads, libraries

went through quality checks (qPCR and Agilent Bioanalyzer)

and were sequenced 1 × 100 single read on an Illumina HiSeq

2500 machine.

Mapping of mRRBS data

Generated mRRBS raw data were decoded with GenomeStudio

software (Illumina) and then processed as described previously

[24, 46]. The reads were aligned to the 1000 genomes version of

the human hg38 reference [47] using the BWA (v0.6.2) [48], and

the wrapper methylCtools (v0.9.2), Samtools (v1.3) [49], and

Picard tools (v1.115) (“Picard Tools-By Broad Institute” 2017) for

converting, merging, and indexing of alignment files. Bis-SNP was

used for SNP (dbSNP, v138, National Center for Biotechnology

Information, National Library of Medicine 2013) aware realign-

ment, quality recalibration, and methylation calls.

Calling of DNA-methylation values and identification
of DMR

Beta-values of 500-bp genomic tiles of memory CD4+ T cells

isolated from the Bm (2 pools), Sp (1 pool plus 1 individual),

and vaccine samples of days 0 and 1 (each time point from the

same two individuals) were calculated using R (version 3.6.3)

and Methylkit package [50]. The raw data of Bm pool 1 were

taken from the European Genome-Phenome Archive under the

accession number EGAS0000100624 [24]. In total, beta-values

of 7 25 307 tiles were calculated and reduced using five differ-

ent filtering steps to identify four categories of small tile subsets

of Bm-hypo, Bm-hyper, Sp-hypo ,and Sp-hyper which might hint

at the origin of mobilized TRM in D1 cells, that is, D0 cells mixed

with TRM mobilized from Bm and/or Sp.

We first filtered out all tiles with a variance >0.1 across all

samples (step 1) for data set 2, by applying a numeric gradient

filter from the highest to the lowest beta-values in 24 permuta-

tions of four sample groups Bm, Sp, D0, and D1 (step 2). We next

determined the shared tiles in intersection of the top 90% high-

est ranked tiles in variance between Bm and Sp (Bm vs. Sp) and

between D0 and D1 (D0 vs. D1) for 24 different data sets 4 (step

3). Subsequently, we filtered out tiles with intragroup variance

<0.1 in the Bm, Sp, D0, and D1 samples and a methylation dif-

ference >50% for Bm versus Sp in beta mean values and >10%

for D0 versus D1 in beta mean values to obtain 24 data sets 5 as

potential methylome signatures (step 4).

To estimate the similarities between sample groups, we then

calculated the Euclidean distance values of tiles determined in the

24 data sets 5. The following groups were compared: Bm versus

D0, Bm versus D1, Sp versus D0, Sp versus D1, (Bm vs. Sp) versus

Bm(rep)1_Bm2, (Bm vs. Sp) versus Sp1_Sp2, (D0 vs. D1) versus

D0_(rep)1_D0_2, and (D0 vs. D1) versus D1_1_D1_2. The smaller

the Euclidean distance value in a comparison, the more similar the

samples are in that comparison. The Euclidean distance values

were visualized in Beeswarm plots.

We ultimately reduced the 24 data set 5 to only four data sets 5

(combined to data set 6). In these four data sets 5, the Euclidean

distance values for the intergroup comparison (Bm vs. Sp; D0

vs. D1) were significantly higher than for intragroup comparisons

(i.e., Bm1 vs. Bm2 and Sp1 vs. Sp2; D0_1 vs. D0_2, and D1_1 vs.

D1_2) (step 5).

The remaining 18 data sets 5 were not considered as they do

not address our hypothesis. In brief, in eight data sets 5 no tiles

were called (case 1). In another six data sets 5, the Euclidean

distance values between the intergroup comparisons versus intra-

group comparisons were not significant (case 2). Finally, addi-

tional four data sets 5 either showed greater Euclidean distance

values for Bm versus D1 compared to Bm versus D0 (case 3) or

for Sp versus D1 compared to Sp versus D0 (case 4), respectively.

In case 1, the similarity of D1 to Bm or Sp cannot be calcu-

lated as no tiles were recovered. In case 2, the similarity of D1 to

Bm or Sp cannot be judged as Euclidean distance values for the

intergroup comparisons and the intragroup comparisons are not

well separated from each other. Case 3 suggested that D1 became

© 2022 The Authors. European Journal of Immunology published by
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more dissimilar to Bm and did not change its similarity to Sp.

Case 4 suggested that D1 became more dissimilar to Sp and did

not change similarity to Bm.

To answer the question whether D1 becomes more similar

to Bm or Sp after vaccination, we need to detect a decrease in

Euclidean distance values of Bm versus D1 compared to Bm ver-

sus D0 and/or Sp versus D1 compared to Sp versus D0.

If there are no changes or even an increase in the Euclidean

distance values in Bm versus D1 or Sp versus D1 as seen in cases

3 and 4, respectively, these four data sets 5 did not reveal any fur-

ther information whether D1 becomes more similar to Bm and/or

Sp after vaccination. Thus, the four data sets 5 of cases 3 and 4

were excluded from data set 6, resulting in the data set 6 consist-

ing of only four remaining data sets 5.

The one-sided p-values in Beeswarm plots were calculated

using the cumulative distribution function for normal distribution

implemented as pnorm function in R.

Quantification and statistical analyses

Polyfunctionality of antigen-reactive memory CD4+ T cells was

analyzed using Flowjo Boolean (logic) operators (AND and NOT)

for overlapping regions to define all possible combinations of

cytokine profiles. The results were displayed as the absolute num-

ber of cytokine-producing cells per 106 CD4+ T cells or per 103

CD154 MACS enriched cells.

Statistical analyses for differences in antigen-reactive memory

CD4+ T cells induced by MMR vaccination were performed by

one-tailed paired t-test to test for an early increase of T-cell num-

bers in individual donors.

Comparison of intersections of TCR repertoire samples after

repetitive downsampling was performed using a rank-based

permutation test (method “oneway” from the R-based “coin”

package).

In all analyses, p-values ≤ 0.05 were considered to be statisti-

cally significant.

Contact for reagent and resource sharing

Detailed reagents and resources are available in Supporting infor-

mation Table S6. Further information and requests for resources

and reagents should be directed to and will be fulfilled by the

Lead Contact, Dr. Jun Dong ( dong@drfz.de). This study did not

generate new unique reagents.
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