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Modeling human adaptive immune responses
with tonsil organoids
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Most of what we know about adaptive immunity has come from inbred mouse studies, using methods that are often difficult or
impossible to confirm in humans. In addition, vaccine responses in mice are often poorly predictive of responses to those same
vaccines in humans. Here we use human tonsils, readily available lymphoid organs, to develop a functional organotypic system
that recapitulates key germinal center features in vitro, including the production of antigen-specific antibodies, somatic hyper-
mutation and affinity maturation, plasmablast differentiation and class-switch recombination. We use this system to define
the essential cellular components necessary to produce an influenza vaccine response. We also show that it can be used to
evaluate humoral immune responses to two priming antigens, rabies vaccine and an adenovirus-based severe acute respiratory
syndrome coronavirus 2 vaccine, and to assess the effects of different adjuvants. This system should prove useful for studying
critical mechanisms underlying adaptive immunity in much greater depth than previously possible and to rapidly test vaccine

candidates and adjuvants in an entirely human system.

immunologists since the discovery of antibodies and their

specificities over a century ago'™, followed by the more
recent discovery of T cells and their antigen receptors in the
1960s-1980s°~". The B cells that are responsible for forming a neu-
tralizing antibody response develop within germinal centers (GCs)
and extrafollicular regions in lymphoid organs®''. Upon antigen pre-
sentation by antigen-presenting cells (APCs)'*"*, T follicular helper
(Tpy) cells, and a variety of hematopoietic and non-hematopoietic
cells interact and deliver signals to GC B cells for survival, prolif-
eration, antibody affinity maturation, class-switch recombination
and differentiation'®"”. Almost all of these interactions have been
elucidated through in vivo studies of inbred mice. While these have
produced a wealth of important information®'**’, the lack of a sys-
tem that replicates the essential features of human adaptive immu-
nity, such as affinity maturation and class switching, and the effects
of adjuvants, leaves many mechanistic aspects inaccessible. This is
especially important for vaccine testing since many candidates that
worked in animal models ultimately fail in human trials*'-*, sug-
gesting that genetic and environmental differences among species
are important considerations in vaccine development.

ﬁ ntigen recognition by lymphocytes has been studied by

Many in vitro systems rely on isolation of small chunks or slices
of a tissue sample to prepare explant cultures®~'. Explant methods,
although useful for studying individual aspects of infection and
immunity****-*, typically do not maintain cell composition for very
long (3-4d), nor do they capture all of the features of an adaptive
immune response. Although bioreactor, chip-based and other spe-
cialized in vitro differentiation systems show promise, they too have
not been able to replicate the complexities of adaptive immunity. We
decided to take advantage of the widespread availability of human
tonsils, lymphoid organs that are easily procured from tonsillec-
tomy surgeries as discarded tissue, to develop an accessible system
that replicates an antigen-specific adaptive immune response to a
vaccine and supports key aspects of adaptive immunity.

Results

Preparation of immune organoids from tonsils and other lym-
phoid tissues. Over 20 years ago, Owen and Jenkinson demon-
strated that dissociated murine thymic cells could reassociate in
culture and recapitulate major aspects of T cell selection®™*. We
applied a similar approach to develop human tonsil cultures with dis-
sociated cells that reaggregate in culture (Fig. 1a; see Supplementary
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Table 1 for tissue donor characteristics). For organoid preparation,
frozen single-cell suspensions from tonsil tissues were thawed and
plated at high density into the wells of permeable membrane plates
(commonly known as Transwells) along with the antigen of interest.
After several days in culture, reaggregated regions of clustered cells
were visible (Fig. 1a). We assessed the cell composition of the reag-
gregated cultures after 7d in the presence or absence of antigen and
our optimized culture conditions (Methods) sustained appropriate
tonsil cell composition (Fig. 1b). We used influenza vaccines and
viruses as model antigens since much is already known about the
features of the human influenza response in vivo. Upon stimulation
with live attenuated influenza vaccine (LAIV), there were notable
increases in B cell differentiation and a more structured culture
morphology developed, suggesting additional activity in response
to this immunogen.

We measured the capacity of organoid cultures to support B cell
maturation and function upon LAIV stimulation (see Extended
Data Fig. 1a for representative staining) and found that after 7d,
plasmablast frequencies were significantly increased compared to
unstimulated controls (Fig. 1¢; n=15; P=0.0002). Thirteen of the
fifteen donors tested, ranging in age from 2-14 years, produced
influenza-specific IgG antibodies in only the LAIV-stimulated
samples (P<0.0001). Of the two exceptions, one donor had
a high response without stimulation and the other was a true
nonresponder. The latter donor (a 3-year-old) may have been
naive for influenza infection and had no reported influenza vac-
cination. The production of specific antibody was not a generic
effect of stimulation, as total (that is, antigen agnostic) IgG was
reduced by LAIV (Fig. 1d). We also performed enzyme-linked
immune absorbent spot (ELISpot) analysis on day-7 cultures
from five donors and found influenza-specific antibody-secreting
cells (ASCs) ranging from 0.1-1.5% of total B cells (Fig. 1e; rep-
resentative ELISpot data in Extended Data Fig. 1b). Almost no
influenza-specific ASCs were identified in unstimulated tonsil
cultures (<0.02% of total B cells in all donors). The Transwell
organoid culture strategy was superior to flat-bottom tissue
culture plates of similar surface area for growing tonsil mononu-
clear cells (Extended Data Fig. 1c).

We also tested whether our organoid culture strategy could
support human lung-draining lymph node and spleen samples
(Fig. 1f). These organoids responded to both LAIV and wild-type
A/California HIN1 influenza virus by producing influenza-specific
antibodies at levels substantially above those of control cultures and
equivalent to tonsil organoids.

Longitudinal analysis of tonsil cultures in response to LAIV.
Given the evidence of B cell maturation and antibody secre-
tion in organoid cultures stimulated with LAIV, we performed
longitudinal analyses to observe the differentiation process
over time. CD38 and CD27 expression patterns on B cells from
LAIV-stimulated cultures clearly evolved (Fig. 2a), indicating
an early transition to a pre-GC phenotype (CD38*CD27-), and
in two of three donors, this was followed by plasmablast differ-
entiation (Fig. 2b). The frequency of plasmablasts typically cor-
related with the total amount of specific antibodies produced
(Extended Data Fig. 1d). Changes in T cell phenotypes were also
observed, including recovery of Ty, (CXCR5*CD4") cells during
culture (in both unstimulated and LAIV-stimulated organoids),
as well as transient CD4* and CD8* T cell activation at day 7 in
LAIV-stimulated cultures (Fig. 2c). Organoids prepared from
only one of the over 50 donors tested (IMDO012) did not pro-
duce influenza-specific antibodies (Fig. 2d). With four additional
donors, we confirmed that influenza-specific antibodies are pro-
duced with the expected kinetics (between days 5 and 10). We
also gauged the ability of these cultures to produce neutralizing
antibodies; in the two strains tested (of the four LAIV strains),
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vaccine-stimulated culture supernatants showed neutralizing
capabilities, while unstimulated controls did not (Fig. 2e).

We also assessed the T cell response in HLA-A2* donors using
class I tetramers targeting the immunodominant influenza M1
specificity (Fig. 2f). Three of the four donors tested showed a two- to
ten-fold expansion of M1-specific CD8" T cells by day 7 after stim-
ulation with LAIV. The one nonresponder had fewer M1-specific
CD8* T cells in their starting repertoire compared to the other
donors, which may explain their poor CD8" T cell response.

Spatial organization of tonsil organoids. During an adaptive
immune response, peripheral lymphoid organs like the tonsils,
lymph nodes and spleen develop GCs. B cells congregate in the GC
area, whereas T cells are largely in outlying areas®”. In the organ-
oid cultures, we found GC-like structures with distinct B cell- and
T cell-rich aggregates in both LAIV-stimulated and unstimulated cul-
tures, starting around 48h after culture initiation. These progressed
to well-defined clusters by days 4-7, particularly in LATV-treated cul-
tures (Fig. 3a and Extended Data Fig. 2). We analyzed the embedded,
frozen sections of three donors by fluorescent confocal microscopy
and found evidence of light and dark zone organization, as detected
by separation of CD83 and CXCR4 staining B cells, respectively,
which are characteristic of GCs (Fig. 3a; additional representative
images are available in Extended Data Figs. 2 and 3a).

We also performed a single-cell RNA-seq analysis along with
DNA-barcoded antibodies using the BD Rhapsody platform to
characterize the expression profiles of GC-phenotype B cells in
organoid cultures. Dimensionality reduction (uniform manifold
approximation and projection (UMAP)) was used to analyze GC
B cells across different time points (Fig. 3b). Overall, GC B cells
(CD38*CD27") from the different days and time points clustered
together, showing that their expression profiles were similar. The
top overexpressed genes in GC B cells (compared to naive B cells)
at day 5 of LAIV-stimulated cultures were related to antibody secre-
tion (immunoglobulin heavy chains, light chains and J chain) and
key B cell differentiation, proliferation and B cell receptor (BCR)
signaling genes (XBP1, POU2AFI, S100A10 and PCNA). These
were also the top differentially expressed genes between direct ex
vivo GC and naive B cells. These data show that the cultures can
functionally respond to antigen-specific stimulation, that light and
dark zone phenotype B cells separate into distinct areas (Fig. 3a
and Extended Data Fig. 3a) and that B cells with a GC phenotype
have similar transcriptional profiles on day 0 and day 5 after culture
(Fig. 3b), which collectively support the conclusion that these cul-
tures can be considered organoids.

Diversity and maturation of hemagglutinin-specific B cells. We
next examined whether activation-induced cytidine deaminase
(AID), which is required for both somatic hypermutation and
class switching, was expressed in these cultures. AID protein lev-
els (Fig. 3¢; see representative staining in Extended Data Fig. 3b)
were significantly increased in pre-GC and GC B cells in 4-day-old
organoid cultures (prevalence shown in Fig. 3c). We also single-cell
sequenced BCRs from high-affinity A/California 2009 HIN1 hem-
agglutinin (HA)-specific plasmablasts (and other activated B cells)
using a HA trimer construct” on day-0 and day-7 LAIV-stimulated
cultures to evaluate affinity maturation and isotype switch-
ing. As previously reported in peripheral blood plasmablasts of
influenza-vaccinated volunteers®, immunoglobulin heavy-chain
variable gene cluster IGHV) 3 and IGHV4 dominated the response
(Fig. 3d; see Extended Data Fig. 4 for complete dataset). HA-specific
BCRs from LAIV-stimulated organoids were quite diverse in both
gene usage and isotype; numerous oligoclonal expansions were
seen at day 7, but these clones were distinct from those detected
in day-0 high-affinity HA* B cells. Clonally related BCR families
were also found in LAIV-stimulated organoids, and in one of two
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Fig. 1| Adaptive immune responses in tonsil organoids. a, Workflow for tissue disruption and culture preparation with representative stereoscope images
from day-5 unstimulated or LAIV-stimulated replicate cultures. Light regions are areas of high cell density. b, Cell composition of immune cell types in
freshly isolated, frozen and revived day-0 tonsil cells, day-7 unstimulated cultures and day-7 LAIV-stimulated cultures. Frequencies were determined by
flow cytometry, and plotted values are the mean +s.e.m. (n=>5 donors). PB/PCs, plasmablast/plasma cells; NK, natural killer. ¢, Plasmablast differentiation
and specific antibody secretion from unstimulated and LAIV-stimulated organoids from day-7 cultures. Paired, two-sided Wilcoxon signed-rank tests were
used to calculate P values (n=15 donors). OD, optical density. d, Antigen-specific antibodies and total IgG from day-7 unstimulated and LAIV-stimulated

organoid cultures. Colors represent individual donors (n=6). e, ASCs specific for influenza antigens from day-7 unstimulated and LAIV-stimulated
cultures (n=5 donors). f, Plasmablast frequencies and antibody secretion on day 14 from immune organoids derived from human lung-draining lymph

nodes and spleens (n=2 for each tissue). A/Cal, A/California HIN1 virus.

donors, we found clonal families with single amino acid changes,
showing diversification within HA-specific lineages. Using bulk
BCR sequencing of total non-naive B cells, we found lineages that
began as the IgM isotype and class switched during organoid culture
(mostly to IgG1 and IgAl), usually with additional mutations, by
day 7 (Extended Data Fig. 5).

Affinity maturation in tonsil organoids. Affinity maturation is
another key function of GCs. To evaluate this, we performed deple-
tion experiments using FACS to eliminate preexisting high-affinity
HA* B cells and also any non-naive B cells from the tonsil cell pool.
Cultures were then prepared from the depleted cells, stimulated
with LAIV, and stained again on day 10 to assess the development
of new high-affinity HA* B cells (Fig. 3e and Extended Data Fig. 6).
In three of four donors tested, HA* B cells reappeared in depleted
cultures and influenza-specific secreted antibodies were detectable
(Fig. 3f), demonstrating that affinity maturation can be directly
observed in this system.

NATURE MEDICINE | VOL 27 | JANUARY 2021125-135 | www.nature.com/naturemedicine

Next, we used IgH sequencing to analyze the BCR repertoire in
naive versus affinity matured B cells in response to LAIV stimula-
tion. Here, we prepared cultures where naive, HA~ B cells were the
only B cell source (Fig. 4a and Methods). We used day-0 HA* B cells
as the reference for high-affinity BCRs and to infer HA specificity.
Organoid cultures were harvested on day 7 for bulk BCR repertoire
sequencing (Fig. 4a). We compared the repertoires of these cultures
to both the in vivo high-affinity HA* B cells from day-0 tonsil cells
that were depleted by FACS and the HA™ naive B cells that went into
culture preparations. Of the six donors tested, five secreted antibod-
ies specific for vaccine components and four had detectable anti-
bodies specific for the A/California 2009 HIN1 HA protein on day
7 after stimulation (Fig. 4b), showing that we can derive HA-specific
antibodies from naive B cells.

Somatic hypermutation was significantly increased in day-7
LAIV-stimulated cultures compared to unstimulated control cul-
tures and was particularly enhanced where A/California 2009 HIN1
HA antibodies were detected (IMD006, 013, 014 and 102; Fig. 4c).
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Fig. 2 | Longitudinal tracking of immune organoids reveals cellular and functional changes consistent with an adaptive response. a, Representative

flow cytometry staining of B cell differentiation phenotypes in unstimulated and LAIV-stimulated cultures. Cells shown are pre-gated on total B cells
(CD45*CD19*CD3"). b,¢, Quantitation of B cell (b) and T cell (¢) phenotypes across time in unstimulated and LAIV-stimulated organoids.

d, Influenza-specific antibodies detected in culture supernatants. e, Neutralizing capacity of antibodies in culture supernatants against two of the four
vaccine strains represented in the antigen stimulation (LAIV 2015-2016). Complete cellular and humoral data from n=3 donors (a-e) and longitudinal
antibody detection data from an additional n=4 donors (d) are shown. f, Influenza M1-specific CD8* T cell responses in unstimulated and LAIV-stimulated
tonsil organoids from four HLA-A2* donors. Donor ages (in years) are shown in parentheses after donor IDs.

We also followed the development of BCR sequences likely (within  larger than those without known HA specificity and this was depen-
one amino acid) to be specific for influenza strain A/California  dent on vaccine stimulation (Fig. 4d). In these same donors, the
HINTI. In two of the six donors tested (IMD006 and IMDO014), the average diversity was also increased, with more unique molecules
B cell clones with inferred HA specificity for this strain were also  per clonal lineage in HA-specific B cells from LAIV-stimulated

128 NATURE MEDICINE | VOL 27 | JANUARY 2021125-135 | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

NATURE MEDICINE TICLES

a b
20 -|
Unstim
5 Non-GC B cells [ J
® GC B cells IGHG1_secreted
°] 59 2 15
-5 - < ol = 7
°1 ., s 3|8
104 £ N P ] IGHG2_secreted
ol 2 °
5 ole JOHAN ©Q38 (A)
~ Z|>
E 0 ° 3[= 10 (GLCY CD71 (Ab)
°
P K] 3|g .
‘E( e el IGHA1_secreted
1 4 % {
3 10 4 , 3 IGHG3_ggcreted | CD27:L128 (Ab)
54 am ! g 5] XBP1.MZB1'GAPDH
&3 5
0 . = o CD79A.CD A27 (AL POU2AFA
! é(\ e E 2
54 & 2 I CcD27
. “ “ e
104 7 b cD 8 S100A10
T T 09 /cNAY IGHGT _membrane
-10-5 0 5 10-10-5 0 5 10 :

UMAP dim1 0 5 10 15 20
Fold change do G.C B cells
do naive B cells
c_ ©D3g°CD27* | | CD38'CD27~ | | CD38CD27* | | CD3BCD27™ | | plasmablasts d
B GCB pre-GC B memory B naive B
o T 2000
2% 1500 | @ oo
232 1000 ..
S0 o - . @ oay7HA*1gG
500 s B _é e s .
[ - . had
L — e e TR e TR BT @ ooy 7Hatigm
0o 4 7 0o 4 7 0o 4 7 0o 4 7 0o 4 7 .
e v = v - - Day 7 HA™ IgA
CD38"CD27 CD38'CD27~ | | CD38CD27 CD38°CD27 .
GCB pre-GC B memory B naive B Plasmablasts Oo o cl | tamil
— b lonal families
82 60 * § &= & é
28 404
So ? .
£L 209 o 4 mr . M 8
04 hall. + i PP,
L — LB — T L — T T
0o 4 7 0 4 7_ 0 4 7 0 7 0o 4 7
Time after stimulation (d) Unstimulated
@ LAV stimulated " IMD083
e Day 0 Day 0 Day 10 LAIV, HA* and
tonsil B cells post-sort analysis non-naive depleted
10° . HA+ | 108 HA+ 4 10°4 HA+/
i / 0 / 0.014
10 10 / 1044
o v (
[ e d e\
< )3 3 R~
I 10 i 10°
T 3
034 0 HA_§ 0
10°99. _10° {99.8— 18]
-10* 0 10° 10* 10° -10° 0 10° 10* 10° -10* 0 10° 10* 10°
HA-PE
15 Unstim !
£ /
o M av .
=
o 104
>
o
8 5
Q
&
: []
i
0
T T T T
@ @ & &
F & & X
¢ & & &
AR AR\

Fig. 3 | Diversity and maturation of the influenza response. a, Confocal microscopy images of a day-4 LAIV-stimulated organoid culture and B cell areas
with light zone (LZ) and dark zone (DZ) organization. b, Single-cell RNA-seq of B cells from day-0 tonsil cells and organoid cultures from days 5 and 9
from one donor. The fold change values in genes and antibodies (Ab) highly expressed in GC compared to naive B cells (at least 1.5-fold increase) were
plotted from day-0 (dO) B cells and day-5 (d5) LAIV-stimulated B cells. ¢, Median fluorescence intensity (MFI) for protein-level AID expression (top)
and the relative proportions of B cell subsets (bottom) on days 0, 4 and 7 of organoid culture. Box plots show median values with hinges representing
the first and third quartiles and whiskers representing the highest and lowest value that is within 1.5 times the interquartile range of the hinges (n=4
donors). FMO, fluorescence minus one. d, Single-cell BCR sequencing of high-affinity A/California 2009 HINT HA-specific plasmablasts and GC B cells
from one representative donor. High-affinity B cells specific for HA from day-0 (black points) and day-7 LAIV-stimulated organoid cultures (green, blue
and red points representing IgM, IgA and 1gG isotypes, respectively) are shown. Clonal families are represented by open shading. e, Organoid cultures
pre-depleted of high-affinity A/California HA* B cells and non-naive B cells produce new HA* B cells. Effective depletion on day O of HA* B cells and
non-naive populations was confirmed by post-sort analysis, and new HA* B cells were detectable on day 10. Data shown are representative plots from one
of n=4 donors. f, Influenza-specific antibodies were detected in depleted organoid cultures from three of n=4 donors tested. Donor ages (in years) are
shown in parentheses after donor IDs.

cultures (Fig. 4d). We found other expanded and diverse lineages evolution to increased HA affinity (Fig. 4e). Here a root sequence
only in the vaccine-stimulated cultures, likely responding to other ~ with four nucleotide mutations from the germline heavy-chain
antigens or strains. We also found direct evidence for BCR sequence  sequence acquired an additional ten mutations to achieve an exact
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amino acid match to a known high-affinity HA specificity. Taken
together, these data confirm that antigen-driven somatic hypermu-
tation, affinity maturation and class switching are supported in ton-
sil organoid cultures.

Contributions of individual cell types to influenza responses.
A major advantage of in vitro systems is the ability to define the
essential components. Therefore, we depleted APC, T cell and B cell
subsets and compared plasmablast differentiation (Fig. 5a,c) and
antigen-specific antibody secretion (Fig. 5b,d) to wild-type organ-
oids. Despite their low starting frequency (0.1-0.5% of live), deplet-
ing myeloid and plasmacytoid dendritic cell (pDC) populations
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completely abrogated plasmablast differentiation (Fig. 5a) and
depleting pDCs alone was sufficient to dramatically reduce the anti-
body response to LAIV (Fig. 5b). We were able to rescue the effect
of pDC loss by adding type I interferon (IFN), showing that type I
IFN production is the main pDC function (Extended Data Fig. 7a).

As expected, depleting CD4* cells (Extended Data Fig. 7b)
significantly reduced plasmablast differentiation, although some
influenza-specific antibodies were still detectable (Fig. 5c,d).
We analyzed the effect of donor age and found that CD4*
T cell-depleted organoids from younger children were almost
entirely unable to secrete influenza-specific antibody (Fig. 5e),
in contrast to older donors who could make antibody responses.
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We also characterized the affinities of antibodies against cells were four- to ten-fold higher than wild-type controls (Fig. 5f
A/California/07/2009 HIN1 HA in CD4*-depleted cultures. The and Extended Data Fig. 7c), even when the quantity of specific
dissociation rates for antibodies raised in the absence of CD4* antibody was comparable between intact and CD4*-depleted
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cultures. Thus, CD4* T cells are important for both the magnitude
and affinity of the antibody response.

We determined that three to four cell types were minimally
required to consistently achieve detectable plasmablast differentia-
tion and naive antibody responses against LAIV: naive B cells, APCs,
CD4* T cells and, in some donors, a mixed population of CD45~
stromal cells (Fig. 5g). Notably, naive CD4" T cells were either as
good or better than memory CD4" T cells in their ability to help
B cells differentiate into plasmablasts and stimulate influenza-
specific antibodies (Fig. 5h).

Response to other antigens and the effect of adjuvants. We
next investigated whether tonsil organoids could also respond to
non-influenza memory antigens. We stimulated tonsil organoids
with the measles, mumps and rubella (MMR) vaccine, which is
recommended to be administered at 12 months, and assessed plas-
mablast formation and antigen-specific IgG responses. These cul-
tures had significantly increased plasmablasts compared to controls
(Fig. 6a), and six of the seven donors made measles-specific IgG,
while the mumps and rubella responses were weaker and only
detected in three of the older children tested (Fig. 6b).

To determine whether tonsil organoids could serve as a platform
for priming antigen-specific adaptive responses, we first stimulated
cells with naive antigen phycoerythrin (PE), with and without adju-
vants. Here we saw a substantial (tenfold) increase in PE* B cells
in PE-stimulated cultures compared to unstimulated or irrelevant
antigen-stimulated cultures (Fig. 6¢). The frequency of PE* B cells
could also be enhanced by alum hydrogel but not imiquimod
(Fig. 6d), indicating that at least some naive responses can be elic-
ited and modulated by appropriate adjuvants. We next tested the
ability of tonsils, lung-draining lymph nodes and spleen cultures
to respond to the T cell-dependent rabies vaccine. The donors had
not previously received this vaccine. Tonsil B cells were more dif-
ferentiated in vaccine-stimulated cultures after 14d in organoid
culture and four of ten donors had detectable increases in rabies
nucleoprotein-specific IgM (Fig. 6e). Lung-draining lymph node
and spleen organoids also showed modest rabies-specific antibody
production, with some specific IgM but not IgG production, consis-
tent with a priming response® (Fig. 6f).

Finally, we investigated the ability of tonsil organoids to respond
to a series of vaccine candidates developed in response to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). These vaccine
candidates use a replication-deficient type 5 adenovirus (Ad5) that
encodes either the full-length viral spike protein, spike and nucleo-
capsid protein or the S1 spike subunit with nucleocapsid in the Ad5 E1
region. All tonsil tissue samples were collected before the SARS-CoV-2
pandemic and thus naive to these antigens. On day 14 after stimula-
tion, we observed plasmablast differentiation in a subset of donors
and significant CD8 T cell activation compared to unstimulated con-
trols (Fig. 6g). Using a protein microarray to detect antibody speci-
ficities against SARS-CoV-2, specific IgG and IgA antibodies were
present for some spike and nucleocapsid proteins in a few donors.
One particularly robust responder, IMD163, is shown in Fig. 6g (data
from all donors are available in Extended Data Fig. 8). This shows that
immune organoid cultures can be used to analyze and compare vac-
cine candidates to new and previously encountered antigens.

Discussion

Although GCs have been studied extensively in mice, to our
knowledge this is the first report of an in vitro system supporting
antigen-specific somatic hypermutation, affinity maturation and
class switching of human B cells. Tonsils are a readily accessible and
underutilized source of human immune tissue and contain all the cell
types involved in adaptive immunity, including those largely absent
from peripheral blood. We used tonsil organoids to characterize
features of the human influenza response and validated and extended
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findings from previous human and murine studies. We show that
the B cell response to influenza vaccine is diverse and can develop
from the naive repertoire. We found that preexisting HA-specific
B cells had 5-10 heavy-chain nucleotide mutations (2-4% mutation
rate), and LAIV-stimulated organoids prepared with naive-only
B cells had 3-9 mutations, which was adequate to make specific
antibodies (Fig. 4). These rates are in line with the average 5% muta-
tion rate measured in influenza-vaccinated adults®.

Human immune responses are incredibly variable, as seen in
the current SARS-CoV-2 pandemic, and a major goal of vaccine
development is to confer protective immunity as broadly as pos-
sible. Another useful feature of the organoid system is its ability
to assess immune response variability. We found that while the
organoids from most donors respond to LAIV, the magnitude and
kinetics of those responses vary widely. In a test of 15 donors, organ-
oids prepared from one donor did not respond to LAIV within 7d
(Fig. 1). This individual was young and not vaccinated against influ-
enza, suggesting that they could be naive to influenza, and organ-
oids prepared from their cells might require more time to mount
a response. In our longitudinal analyses (Fig. 2), we identified a
nonresponder who was treated with daily inhaled corticosteroids,
demonstrating the sensitivity of the system to immunosuppres-
sive agents. Using SARS-CoV-2 vaccine candidates, we found even
more variability, with some individuals unable to make B cell
and/or T cell responses. This further reinforces the need for a system
like this to assess broad immunogenicity before clinical studies.

Using depletion studies, we established the functional relevance
ofindividual immune cell types to the influenza response. pDCs were
crucial to the antibody response, although they could be replaced
by exogenous type I IFN. These data are consistent with a previous
study that found that pDCs induce human blood B cell differentia-
tion through type I IFN* but contrast with a murine influenza chal-
lenge study that showed pDCs were dispensable to the response®,
highlighting a difference between murine and human systems.
We also identified a role for preexisting plasmablasts/plasma cells
in regulating B cell differentiation (Fig. 5a,b). When plasmablasts
were depleted at the initiation of the culture, influenza-specific
antibody production was increased compared to wild-type controls.
Secondary lymphoid tissues are competitive niches for plasma cell
survival outside of the bone marrow*, so depletion of preexisting
plasma cells may promote antigen-specific plasmablast survival. We
demonstrated that T cell help plays an age-dependent role in the
magnitude of the influenza-specific antibody response and showed
that CD4* T cells play an additional role in affinity maturation and
B cell selection (Fig. 5). Memory CD4" T cells from older children
better sustained a naive B cell response, suggesting that T cell help
is refined by in vivo exposure. These findings are in line with an
earlier mouse study showing that memory T cells can contribute to
GC responses even though naive B cells typically did not in their
system*. Stem-specific antibodies were also only detectable when
CD4* T cells were present, suggesting that manipulating T cell help
is a reasonable strategy to consider for future vaccine design.

Previous efforts to create artificial human lymphoid tissues
depended on specialized bioreactors**® or complex in vitro differ-
entiation strategies”. Blood-derived mononuclear cells combined
with monocyte-derived dendritic cells can stimulate IgM and cyto-
kine secretion consistent with an adaptive immune response*>*. It
is questionable whether in vitro matured dendritic cells recapitulate
the conditions that coordinate T and B cell responses in lymphoid
tissues. More importantly, a major limitation of bioreactor systems
is that they do not show mature GCs, class switching or affinity
maturation®, likely because many cells required for GC function
are absent from peripheral blood mononuclear cells. Recent work
illustrated that key aspects of the immune microenvironment can
be captured in organoids in several studies that focused on con-
ferring immune protection upon transplantation into mice’** or
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recapitulating features of the GC response™™. In these studies,
designer hydrogel scaffolds for B cells combined with engineered
fibroblasts were used to reveal transcriptional feedback loops
involved in GC formation® but lacked antigen specificity. Most
recently, maleimide-functionalized hydrogel was shown to support
GC B cell activation and an antigen-specific response in murine
B cell organoid cultures™. However, these methods do not incor-
porate autologous APCs nor T cells that are both crucial to refine
the adaptive immune response in vivo. Due to the need for bioen-
gineered fibroblast cell lines to provide necessary survival signals,
these techniques are challenging to translate to human cells because
of the diversity of human leukocyte antigen genes and generation of
mixed leukocyte reactions. Previous techniques to produce in vitro
models of human adaptive immunity have not been widely adopted
because of reliance on specialized equipment or challenging techni-
cal protocols, poor throughput, lack of evidence for antigen-specific
responses, affinity maturation and/or absence of cells known to
be crucial to important features of adaptive immunity. Although
humanized mice are increasingly used, they are expensive to pro-
cure and still have many limitations in terms of recapitulating
human immunity™.

Although this is a powerful system to assess various aspects of
adaptive immunity to influenza antigens, there are some limita-
tions. It has been established that the LAIV is less effective than the
inactivated formulation in adults®, presumably due to the presence
of preexisting antibodies at mucosal sites in non-naive individuals.
Such conditions could theoretically be mimicked by introducing
autologous serum or spiking in influenza-specific antibodies at the
initiation of organoid culture. Another challenge is benchmarking
against in vivo tissue responses from immunized humans; such
studies are now underway to characterize tonsil and lymph node
responses to immunization in situ and compare them to organoid
cultures. Finally, the system we describe here involves an immu-
nological organ model in isolation. In a true infection or immu-
nization, the antigens first encounter immune cells at a distal site
(for example, skin, muscle and nasopharyngeal mucosa) and then
migrate to the lymph nodes, tonsils or spleen where GCs form and
B cells are selected. Many adjuvants regulate immune cell migra-
tion and local microenvironmental characteristics that are not well
captured in tonsil organoids in isolation and thus would not be well
suited for studying using this model, although adjuvants that act
directly on immune cells can be investigated. Future studies will aim
to incorporate these migratory features to capture additional fea-
tures of the adaptive response in humans.
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Methods

Informed consent and sample collection. Whole tonsils from 150 consented
individuals undergoing surgery for obstructive sleep apnea, hypertrophy or
recurrent tonsillitis were collected in accordance with the Stanford University
Institutional Review Board (IRB). Ethics approval was granted by the Stanford
University IRB (protocols 30837 and 47690). Written informed consent was
obtained from adult participants and from the legal guardians of children aged
0-17 years; written informed assent was also obtained from children aged 7 years
and older. In this cohort, the participants were children aged 2-17 years (n=57)
and adults (#=3) who had surgery for obstructive sleep apnea and/or hypertrophy,
and overall, tonsil tissue was typically healthy. Whole tonsils were collected in
saline after surgery and then immersed in an antimicrobial bath of Ham’s F12
medium (Gibco) containing Normocin (InvivoGen), penicillin and streptomycin
for 1h at 4°C for decontamination of the tissue. Tonsils were then briefly rinsed
with PBS and processed as needed for culturing (see below).

Donor lung lymph nodes and spleens were provided by the Gift of Hope
Organ and Tissue Donor Network to the University of Chicago. These tissues were
determined to have IRB Exempt Status by the University of Chicago IRB. Only
de-identified demographic information was obtained.

Tissue and organoid preparation. For cryopreservation of tonsil cells, tissue was
dissected into roughly 5mm X 5mm X 5mm pieces and manually disrupted into
a suspension by processing through a 100-pm strainer with a syringe plunger.
Enzymatic dissociation was not necessary and did not improve the response

to LAIV from cryopreserved cells. Tissue debris was reduced by Ficoll density
gradient separation, although this step was not required for tonsil organoid
development. After washing with complete medium (RPMI with glutamax,

10% FBS, 1Xx nonessential amino acids, 1X sodium pyruvate, 1X penicillin-
streptomycin, 1X Normocin (InvivoGen) and 1xX insulin/selenium/transferrin
cocktail (Gibco)), cells were enumerated and frozen into aliquots in FBS+10%
DMSO. Frozen cells were stored at —140 °C until use.

For lung-draining lymph nodes and spleen samples, tissues were collected
in saline or Hank’s Balanced Salt Solution, diced into small pieces and pressed
through nylon mesh (Nitex) to break up the tissue. Cells were isolated with Ficoll
density gradient separation, washed, enumerated and frozen in FBS +10% DMSO.
Frozen samples were stored in liquid nitrogen until use.

For culture of cryopreserved cells, aliquots were thawed into complete medium,
enumerated and resuspended to 6 X 107 cells per ml for larger cultures or 2x 107
cells per ml for smaller cultures. Cells were plated, 100 pl per well, into permeable
(0.4-pm pore size) membranes (24-well size PTFE or polycarbonate membranes in
standard 12-well plates or 96-well polycarbonate membrane plates with single-well
receiver trays; Corning or Millipore), with the lower chamber consisting of
complete medium (1 ml for 12-well plates, 200 pl for 96-well plates) supplemented
with 1 pg ml~" of recombinant human B cell-activating factor (BAFF; BioLegend).
Adding a small amount of BAFF improved total B cell survival (and thus increased
overall cell recovery) but was not a requirement for plasmablast differentiation or
antibody secretion.

LAIV (1 pl per well, equivalent of 1.6 X 10 to 1.6 X 10° fluorescent focus units
per strain; FluMist Quadrivalent, Medimmune), wild-type influenza virus
(A/California/07/2009 pandemic strain; a gift from H. Greenberg and X.-S. He),
MMR vaccine (5pl per culture; Merck), R-phycoerythrin (1 pg per culture;
Thermo Fisher), rabies vaccine (10 pl per culture; Imovax, Sanofi Pasteur) or
Ad5-vectored SARS-CoV-2 vaccine candidate (1 X 10® infectious units per culture;
Vaxart) was then added directly to the cell-containing portion of the culture setup.
For adjuvant testing, alum (0.01%; InvivoGen, sold as a 2% stock wet gel with
9-11 mg ml~! stock aluminum content) or imiquimod (2.5 pg ml~%; InvivoGen)
was added directly into the culture immediately after antigen addition. Cultures
were incubated at 37 °C, 5% CO, with humidity and supplemented with additional
medium to the lower wells as necessary. Hypoxic conditions (5% O,) were tested
for B cell differentiation and antibody secretion and were not significantly different
from cultures maintained at standard incubator oxygen levels (17-21%).

For the Ad5-vectored vaccine candidates, recombinant adenoviral constructs
were produced using the publicly available SARS-CoV-2 DNA sequence (GenBank
accession no. MN908947.3). Spike and nucleocapsid protein sequences were
synthesized and codon optimized for expression in human cells and cloned into
the E1 region as previously described™. The same vector backbone has been used
previously in clinical trials for oral recombinant adenovirus tablets’*. The Ad-S
adenoviral vector contains a spike protein under the human cytomegalovirus
(CMV) promoter. The Ad-SN vector contains spike under the CMV promoter and
nucleocapsid under the human beta-actin promoter. The recombinant Ad-SIN
vector uses a fusion sequence combining the S1 region of the SARS-CoV-2 spike
gene (including the native furin site between S1 and S2) with the full-length
SARS-CoV-2 nucleocapsid gene. All vaccine candidates were purified by cesium
chloride density centrifugation and provided in a liquid form for cell culture
experiments.

Flow cytometry. Organoids were harvested from the upper portion of the
permeable membranes by rinsing the membranes with PBS. Cells were washed
with FACS buffer (PBS+0.1% BSA, 0.05% sodium azide and 2mM EDTA) and

stained at 4 °C with the following anti-human antibodies in the presence of Fc
block and live/dead Aqua Zombie stain, all from BioLegend unless otherwise
noted: FITC CD138 (1/100), FITC CD116 (1/100), FITC CD21 (1/50), FITC or
Ax488 CXCR5 (1/33), PerCP-Cy5.5 CD8 (1/100), PerCP-Cy5.5 CD33 (1/100), PE
CD19 (1/100), PE CD56 (1/100), PE gamma-delta TCR (1/100), PE-Cy7 CD27
(1/100), PE-Cy7 CD123 (1/50), PE-Cy7 CD8 (1/100), APC CD38 (1/200), APC
HLA-DR (1/100), APC CD27 (1/200), Ax700 CD45 (1/100), Ax700 CD14 (1/100),
APC-Cy7 IgD (1/50), APC-Cy7 CD16 (1/100), APC-Cy7 CD45RA (1/100), Pacific
Blue HLA-DR (1/100), Pacific Blue PD-1 (1/50), BV605 CD3 (1/100), BV650 CD4
(1/100), BV650 CD19 (1/100), BUV395 IgM (1/20; BD Biosciences) and BUV395
CD45RA (1/20; BD Biosciences).

For AID staining, after surface staining, the cells were fixed and permeabilized
(eBioscience) and stained intracellularly with biotinylated anti-AID antibody
(1/100; clone mAID-2; eBioscience) followed by PE-streptavidin (eBioscience). A
no-AID antibody control was used to discriminate positive signal. All analyzer data
were collected on BD LSRII instruments and analyzed using FlowJo (TreeStar).

Tetramer staining. HLA-A2 tetramers were prepared as previously described”,
with ultraviolet (UV)-sensitive peptide cleavage and exchange for the A2
immunodominant influenza M1 peptide (GILGFVFTL) or an irrelevant CMV
pp65 peptide (NLVPMVATYV) as a control; tetramers were prepared from

the peptide-exchanged monomers by conjugation to PE-streptavidin and
APC-streptavidin, respectively (eBioscience). For staining, HLA-A2 donor
organoids were harvested, washed with FACS buffer and stained for 1 h at 4°C with
tetramers (0.5 pg of monomer per test) in the presence of Fc block. During the last
30 min of tetramer staining, lineage-defining antibodies were added, and samples
were washed with FACS buffer. For analysis, influenza M1 tetramer-positive CD8*
T cells were identified as single-positive T cells for the influenza tetramer
(negative for CMV tetramer) and with staining above a no-influenza-tetramer
staining control.

Antibody detection by ELISA. For detection of influenza-specific antibodies,
ELISA plates (Costar) were coated with 0.1 pg per well of season-matched Fluzone
Quadrivalent inactivated influenza vaccine (based on reported total HA content
from the manufacturer; Sanofi) to act as the capture antigen. For A/California
HA antibody detection, recombinantly expressed soluble HA trimers were used
in place of the inactivated vaccine as the capture antigen. Diluted (1:20 or 1:50)
culture supernatants were added to coated, blocked plates. A human pan-influenza
monoclonal IgG antibody (HIN13-M; Alpha Diagnostics) was used as a standard
to estimate specific antibody concentration for experiments where antibody
concentration is quantitatively defined. Horseradish peroxidase-conjugated
anti-human secondary antibodies to either IgM/IgG/IgA (Sigma) or Fc-IgG alone
(Bethyl; adsorbed for other isotypes) were used to detect bound antibodies. Plates
were developed with TMB substrate solution (Thermo Scientific), quenched with
sulfuric acid and read at 450 nm. Neutralization experiments were performed by
Monogram Biosciences with a pseudovirus neutralization assay with HA matching
the vaccine antigen strains.

For detection of total IgG, culture supernatants were diluted at 1:500 and
assayed by ELISA (Thermo Scientific) following manufacturer’s instructions.
For detection of MMR-specific IgG, culture supernatants were tested by
ELISA (Abcam) following the manufacturer’s instructions. Supernatants were
diluted at 1:2.5 with the provided sample diluent and serial twofold dilutions
out to 1:40 confirmed signal specificity (data not shown). To measure rabies
nucleoprotein-specific IgM and IgG, supernatants were diluted at 1:5 with specific
IgM and IgG detection kits (Alpha Diagnostic).

Antibody detection by protein microarray. Organoid cultures stimulated with
recombinant adenoviral vectors with SARS-CoV-2 sequences were tested for specific
antibody production using a protein microarray. The technology has been previously
described for the detection of influenza-specific antibodies® and was recently
adapted to include commercially available SARS-CoV-2 proteins®. The SARS-CoV-2
proteins are commercially available from Sino Biological. Briefly, day-14 culture
supernatants were diluted 1:1 with blocking buffer and incubated for 30 min. Then,
diluted samples were added to the microarray for overnight hybridization. The

array was washed three times with Tris-buffered saline containing Tween20, then
treated with Qdot-conjugated anti-IgM, IgG or IgA secondary antibodies for 2h.
After another three washes, the array was dried and read, with signal intensities
representing relative antibody quantities bound to each protein spot.

Immunofluorescence. Immunofluorescence microscopy samples were prepared
from frozen tonsil cells stimulated with LAIV and harvested 4 or 7 d after
stimulation. Permeable membrane inserts containing organoids were gently
immersed in PBS, fixed with 4% paraformaldehyde in PBS for 30 min at 4°C

and washed three times with water. Cultures were kept at room temperature

and incubated for 20 min in increasing concentrations of warmed (37°C) OCT
Compound (Fisher) diluted in PBS at 25%, 50% and 75% (vol/vol), with a final
incubation in pure OCT. Samples were snap frozen on dry ice, inserts were
removed with forceps, and samples were embedded in an additional layer of OCT
and frozen.
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Embedded samples were sectioned at 25 pm and adhered to
poly-L-lysine-coated coverslips. Sections were dried for 4min in a dehumidified
chamber and permeabilized in acetone for 10 min at room temperature.
Rehydration was performed in stain buffer (1% BSA, 1% normal goat serum and
0.01% sodium azide in PBS) for 30 min. Sections were stained first with primary
unconjugated antibodies at room temperature for 3h. Secondary antibody staining
was performed for 1h at room temperature followed by primary direct conjugate
antibodies for 3h at room temperature.

Primary antibodies. Inmunofluorescence staining was performed using the
following antibodies at the stated concentrations: BioLegend: CD3-BV421 (SK7;
1:25), CD4-AF594 (RPA-T4; 1:50), CD19-AF647 (SJ25C1; 1:25), CXCR4 (12G5;
1:100), CD21-FITC (Bu32; 1:100), PD-1-AF488 (NAT105; 1:100), BCL-6 (IG191E/
A8; 1:50); Sigma-Aldrich: CXCR5 (Polyclonal; 1:100), CD83 (Polyclonal; 1:100);
Thermo Fisher: AID (ZA001; 1:100), CD8-AF488 (AMC908; 1:100), CD20-eFluor
615 (L26; 1:100), CD20-eFluor 660 (L26; 1:100); BD Biosciences: Ki67-BV421
(B56; 1:5); Fisher Science: IgD-AF488 (IgD26; 1:10).

Secondary antibodies. The following secondary antibodies from Thermo Fisher and
their dilutions were used: goat anti-mouse IgG (H+L) AF Plus 555 (1:200), goat
anti-rabbit IgG (H+L) AF Plus 555 (1:200), goat anti-rabbit IgG (H+L) AF Plus
594 (1:200).

After collecting imaging data from antibody markers, slides were stained
with 1 pg ml~' DAPI to visualize nuclear staining. Imaging was performed on an
Inverted Zeiss LSM 880 confocal instrument using X25 magnification. Sample
z-stacks were taken at 2-pm slices. DAPI was stimulated at 405 nm, FITC/Alexa
Fluor 488 at 488 nm, Alexa Fluor 555 at 561 nm and Alexa Fluor 594 at 594 nm.
Images were processed in Image]J (version 2.0.0). Tile stitching was performed with
the Grid/Collection stitching tool using positions from files in the order defined by
the image metadata. The fusion method used was Linear Blending, with Computer
Overlap and Ignore Calibration (all other parameters were set to default). After
despeckling, z-stacks were merged using ZProjection by Maximum Intensity and
contrast adjusted to better present structure, and channels were stacked to RGB
and a scale bar added.

To quantify the fraction of CXCR4- and CD83-expressing cells in GC areas,
GCs were cropped into two portions that resembled light and dark zone-like
regions as shown on the imaging figure. CD20-, CD83- and CXCR4-positive cells
were manually counted (multipoint tool in Image]) in addition to double- and
triple-positive cells. CD83*CXCR4~-CD20* and CD83-CXCR4*CD20* cells in each
region were calculated and presented as a proportion of the total CD20* population
from the same area. To determine the mean intensities of marker expressions in
light and dark zone regions, images were converted to RGB using ‘stack to RGB’
and then ‘color histogram’ was performed on each channel using Image],
which displays a histogram of the intensity values. The mean of each channel
was used to compare the average marker expression between different regions of
equivalent size.

ELISpot. ASCs were detected using an ELISpot protocol based on work by

Shah and Koelsch®. Briefly, cultures that were either stimulated for 7d with

LAIV or left unstimulated were resuspended and enumerated, then plated on
inactivated influenza vaccine-coated and blocked 96-well PVDF membrane plates
(Millipore). Each sample was plated with three, threefold dilutions in triplicate,
and total live-cell counts ranged from 2.22x10* to 1.07 X 10° cells per well at a 1:9
dilution, which was used for enumeration of ASCs. Cells were incubated on these
membranes, undisturbed for 5h at 37 °C. Plates were then washed and treated
with horseradish peroxidase-conjugated anti-IgG/IgA/IgM secondary antibody.
After incubation overnight at 4°C, plates were washed and developed with AEC
substrate (BD), washed 20 times with water, dried, and spots were enumerated. The
frequency of ASCs out of total B cells was determined from B cell flow cytometry
data analysis and the direct cell enumeration counts.

Single-cell RNA-seq. Cells from either day-0 tonsils (processed, cryopreserved and
thawed) or organoids (from day 5 and day 9 after stimulation with LAIV or left
unstimulated) were stained with a mixture of fluorophore-conjugated antibodies
to enable sorting for CD45*CD19*CD3" B cells and for sequencing detection of
DNA-tagged antibodies (CD20 clone L27, CD19 clone SJ25C1, CD71 clone L01.1,
IgM clone G20-127, IgA clone A59, CD161 clone HP-3G10, CD27 clone L128,
CD38 clone HIT?2, IgD clone IA6-2, IgG clone G18-145, CD83 clone HB15E,
CXCR4 clone 12G5, TCR Vg9 clone B3, CD3 UCHT1, CD4 clone SK3, CD8 clone
RPA-T8 and CXCR5 clone RF8B2). A cocktail of DNA-tagged antibodies was
used to allow manual gating on B cells (CD19*CD3") and B cell subsets (CD27
and CD38) to identify GC B cells and naive B cells. The sorted cells were tagged
with sample barcodes to enable pooling. The cells were loaded and captured from
the pooled sample using the BD Rhapsody pipeline following the manufacturer’s
instructions to prepare the libraries, using the targeted human immune gene panel
for amplification. Libraries were sequenced using Illumina Novaseq platforms and
the resulting data processed using the Rhapsody analysis pipeline. Using SeqGeq
(BD) software, individual samples were debarcoded, and B cell subsets were gated
based on DNA-barcoded antibodies for CD3, CD19, CD27 and CD38. Individual
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populations were then exported along with their gene expression profiles for
analyses. UMAP dimensionality reduction was run using the R package ‘umap’

on gene (and not DNA-tagged antibody) expression profiles. For fold change
expression analyses, genes that were overexpressed in GC B cells by at least 1.5-fold
were plotted.

B cell receptor sequencing. For isotype-switching analysis, tonsil cells from day-0
or day-7 organoids were harvested, washed with FACS buffer, and stained with

a cocktail of lineage-defining antibodies as above in the presence of Fc block,

then bulk sorted using a FACS Fusion or Aria II instrument. Bulk sequencing of
immunoglobulin heavy-chain gene rearrangements for isotype-switching analysis
was carried out as previously reported’*. Briefly, RNA was isolated from sorted
(memory CD38-CD27+, GC CD38*CD27* and plasmablast CD38"+*CD27*) cells
using Trizol (Thermo Fisher) and reverse transcribed to cDNA using Superscript
1I (Life Technologies) primed with random hexamer primers. Amplicons from
IgM, IgD, IgG, IgA and IgE were PCR amplified in separate reactions, using IGHV
framework region 1 primers and isotype primers in the first constant region exon,
modified to contain partial Illumina linker sequences, sample barcode sequences
and randomized nucleotides to ensure sequence diversity in the initial cycles of
sequencing (as described by Roskin et al.**). A second PCR was carried out to
complete the Illumina linker sequences before amplicon quantification, pooling,
gel extraction (Qiagen) and sequencing on an Illumina MiSeq instrument with
600-cycle kits as 2 X 300 paired-end reads’ . Bulk BCR heavy-chain sequences
were analyzed with an in-house developed pipeline, based on IgBLAST for V, D
and J gene segment alignment and CDR-H3 parsing'*". Clonally related sequences
in the bulk sequencing data were identified based on shared usage of IGHV and
IGH] genes, equal CDR-H3 length and single-linkage clustering of CDR-H3
nucleotide sequences at a 90% identity threshold.

For analyses of somatic hypermutation and A/California 2009 HA-specific B
cells, tonsil cells from day-0 or day-7 organoids were harvested, washed with FACS
buffer, then treated with 2 pg per sample (4 pg ml") of biotinylated recombinant
A/California influenza HA1 hemagglutinin (Y98F mutant; a gift from B. Graham
and the Vaccine Research Center) in the presence of Fc block, then washed and
stained with 0.2 pg ml~ of fluorescently labeled streptavidin and a cocktail of
lineage-defining antibodies.

For single-cell sorting, HA* B cells of GC or plasmablast phenotype
(CD38*CD27* or CD38***CD27*, respectively) were sorted. Single-cell antibody
sequencing was performed as previously described**-". After single-cell sorting
into 96-well plates, cDNAs were labeled with well-specific barcode oligonucleotides
and pooled by plate, followed by gene-specific PCR and library preparation with
previously reported primer sequences®. Libraries were sequenced with Illumina
MiSeq 2 % 300 paired-end sequencing. Sequence analysis was performed as
previously described®”. Briefly, fastq generation and plate demultiplexing were
completed using the onboard MiSeq Generate FASTQ workflow. After quality
filtering, paired reads were stitched, separated by well ID and consensus sequences
determined by clustering well ID reads into operational taxonomic units®.
Consensus operational taxonomic unit sequences were analyzed with version
1.5.7.1 of IMGT HighV-QUEST®. For single-cell data, clonal families were defined
by the same V and ] gene usage and at least 70% amino acid identity in the CDR3
locus for both heavy and light chains. A caveat of single-cell HA-specific B cell
sequencing is that the most vigorously responding B cells may have reduced
surface immunoglobulin expression as they convert to antibody secretion, and so
it is possible that the highest ASCs could not be captured during HA-specific B cell
sorting.

Bulk IgH sequencing and analysis was performed using MIDCIRS as
previously described”’. Sequencing was performed on an Illumina MiSeq with the
v3, 600-cycle kit. nRNA molecules were tagged with 12N randomized molecular
identifiers (MIDs) during reverse transcription. Reads with the same MID
were grouped together and then further clustered into subgroups based on 85%
sequence similarity to separate distinct mRNA molecules that were tagged with the
same MID. Consensus sequences were then formed from the MID subgroups to
average out PCR and sequencing errors and mitigate amplification and sequencing
bias. Clonal lineages were defined using single-linkage clustering on the consensus
sequences with the same criteria as above. The size of the clonal lineage refers to
the total number of consensus sequences, or mRNA molecules, that make up the
lineage, while the diversity of the lineage refers to the number of unique consensus
sequences within the lineage.

To infer HA specificity of total, unsorted B cells from day-7 tonsil cultures, all
FACS-sorted, HA-specific B cell sequences were first grouped together (n=20,977).
Then, all nucleotide sequences were translated to amino acid sequences, and each
day-7 sequence was aligned to the pool of HA* sequences to find the minimum
distance to the nearest HA-specific sequence. If any sequence within a clonal
lineage was found to be an exact match or one substitution away from a known
HA-specific sequence, the lineage was labeled ‘HA-inferred Clonal lineages were
then split into HA-inferred and non-A/California HA for further analysis.

Affinity binding experiments. Binding affinities of the indicated antigens
to antibody-containing supernatant samples were determined by biolayer
interferometry using an Octet QK instrument (Pall ForteBio). For analysis of the
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effects of T cells on antibody responses, antibodies were purified from culture
supernatants using a Protein G affinity column (GE Healthcare Life Sciences).
The full-length, head and stem domain H1 CA/09 HA antigens were purified as
described previously using a Ni-NTA affinity column followed by size-exclusion
cleanup” The purified antigens were captured on anti-penta-his (HIS1K)
biosensor tips in PBS-T (PBS with 0.05% Tween 20 (pH 7.4)). The ligand-bound
sensors were dipped into control wells or purified antibodies (200-500nM). A
similar antibody concentration was used for all the evaluated conditions from an
individual donor. Unliganded sensors dipped into the analyte served as controls
for nonspecific binding. The traces were processed using ForteBio Data Analysis

Software (v8.0). The data were fitted globally to a simple 1:1 Langmuir interaction

model to obtain the kinetic parameters. Each binding interaction was repeated at
least thrice.

Cell depletion experiments. Thawed tonsil cells were stained and bulk sorted
into culture medium using a FACS Aria II or Fusion (BD). Sorting experiments
involved separating individual cell subsets using the following markers: myeloid
cells and DCs (CD45* CD3-CD19-HLA-DR*, CD116* or CD33*), pDCs (CD4
5*CD3-CD19"HLA-DR*CD123%), T, cells (CD45*CD3*CD19~ CD4* CD25*
CD127"), total B cells (CD45*CD3-CD19*), non-naive B cells (CD38* and/or
CD27*IgM™ and/or IgD"), naive B cells (CD38-CD27-IgM*IgD*), pre-GC B cells
(CD38*CD27-), GC B cells (CD38*CD27+), memory B cells (CD38-CD27+) and
plasmablasts/plasma cells (CD38+++*CD27*). Cell types were depleted by FACS
from day-0 tonsil cells and cultured with LAIV for 7d. As controls, depleted
cultures were reconstituted with the cell type that was originally sorted and plated
at the same cell density as the depleted cultures. For depletion of HA-specific B

cells, tonsil samples were stained as described in ‘BCR sequencing’ and HA-specific

B cells were defined as CD45*CD19*CD3 HA*. A post-sort analysis was used to
ensure depletion purity.
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Extended Data Fig. 1| Characteristics of B cells from tonsil organoid cultures. a, Flow cytometry gating scheme on representative unstimulated and
LAIV-stimulated cultures. b, Representative ELISpot wells for detection of Ab-secreting cells with influenza vaccine specificity. The number of spots
detected are shown in the corner of each well. ¢, Comparison of organoid cultures grown in standard flat-bottom wells vs. transwells. Data shown are from
day 7 LAIV-stimulated cultures (n=6 donors). p values shown were determined with paired Wilcoxon signed-rank two-sided tests. Boxplots show median
values with hinges representing first and third quartiles and whiskers representing the highest and lowest value that is within 1.5X the interquartile range of
the hinges. d, Correlation between specific Ab secretion and plasmablast frequency in influenza-stimulated and unstimulated cultures on day 7. Detection
of influenza-specific IgG antibodies by semi-quantitative indirect ELISA. Optical density was corrected for background using unspent culture medium as a
control. Each donor (n=15) was tested under four conditions: no stimulation, [IV-stimulated, LAIV-stimulated, or HINT WT virus-stimulated. Plasmablast
(CD19* CD38*+ CD27*) frequencies were determined by flow cytometry.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Confocal imaging showing distribution of different cell types and their interactions in tonsil tissue and organoid cultures. Merge
does not include DAPI staining for clarity. a, One fresh tonsil tissue was stained with panels of markers to define T and B cell areas and GC structure.

b, Day 4 unstimulated organoid stained for T and B cell markers. ¢, Day 4 LAIV organoid stained for germinal center markers. d, Day 4 unstimulated
organoid stained for B and T cell distribution. e, Day 4 LAIV organoid stained for markers of T follicular helper cells. For organoid cultures (b-e),
representative examples are shown from organoid cultures derived from three different donors.
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subsetted based on CD38 and CD27 expression and are shown as individual profiles in red compared to a ‘no AID primary antibody’ FMO control in grey.
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Extended Data Fig. 4 | B cell receptor sequencing from HA-specific B cells. a, Phylogenetic trees from two donors are shown (top). Day O clones are
indicated by black points. Different isotypes (IgM, IgA, IgG) are indicated by color (green, blue, and red respectively). Oligoclonal populations and clonal
families from single cell data are represented by larger points (open circles). Clonal families were defined as BCR sequences that use the same V and J

genes and have at least 70% amino acid identity in the CDR3 region for heavy and light chains. b, FACS staining and B cell phenotypes of HA-specific B
cells compared to the total B cell pool.
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Extended Data Fig. 5 | Tracking individual heavy-chain BCR lineages before and after LAIV stimulation in tonsil organoids show evidence of isotype
switching. Immunoglobulin heavy-chain gene rearrangements for each isotype were sequenced from total memory B cells, germinal center B cells, and
plasmablasts sorted from cultures of four donors on days O and 7. Heavy-chain BCR sequences from lineages that contained members as only IgM on day
0 and as only isotype-switched on day 7 were compared for their somatic hypermutation levels. For each lineage, the mean SHM was calculated for day O
IgM members and for day 7 switched members, and the difference between these means was plotted. Lineages with increased mutation are shown in blue
and those with decreased mutation in red.
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Extended Data Fig. 6 | Depletion of pre-existing HA-specific and non-naive B cells do not prevent production of new high-affinity HA* B cells after
organoid culture. B cells with high affinity BCRs for A/California 2009 HA* and all non-naive B cells were depleted by FACS and depletion was confirmed
by post-sort analysis. After 10 days in organoid culture, cells were harvested, re-stained for A/California HA* B cells, and run on a flow cytometer. n=4
donors were tested.
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Extended Data Fig. 7 | Effects of cell depletion on influenza-specific antibodies and their affinities. a, Rescue of plasmablast and Ab responses to LAIV
stimulation by supplementing pDC-depleted cultures with type | IFNs. b, Frequency of CD4* T cells (of live cells) in intact and CD4-depleted cultures on
day 7. CD4+ cells were depleted by positive selection with magnetic particles. ¢, Biolayer interferometry data indicating Ab affinity for A/California 2009
H1INTHA full length, head-specific, and stem domains. Colors are matched to patient samples in (b).
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Extended Data Fig. 8 | SARS-CoV2-specific Abs detected in organoid cultures stimulated with Ad5 vectored vaccine candidates. Day 14
post-stimulation culture supernatants were tested for the presence of SARS-CoV2-specific IgM, 1gG, and IgA in n=12 donors. Abs were detected using
a protein microarray. Individuals donors are represented by symbols. The signal intensities shown were background subtracted based on unstimulated
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Requests for raw data, analyzed data, and materials will be reviewed by Stanford University to determine if the request is subject to intellectual property or
confidentiality obligations. Data and materials that can be shared will be released using a Material Transfer Agreement. Targeted single-cell RNAseq data are
available in the Gene Expression Omnibus (GEO) at GSE158459.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes varied from n=1 to n=16 depending on the experiments performed. Since portions of the data rely upon limited clinical samples,
these tissues were used upon availability. In experiments with larger numbers, we incorporated samples from both sexes and across ages.

Data exclusions | No data excluded.

Replication Numerous donors were tested as indicated in-text. Instances where some subjects responded and others did not are also indicated in-text.
We expect inter-donor variation in the ability to respond to the antigens tested. We used different donors to show the distribution of possible
responses and did not intentionally replicate intra-donor experiments.

Randomization  Experimental groups were age-related or stimulation-related, thus randomization N/A.

Blinding Age-based analyses were performed post-data collection. Researchers were blinded to donor age during data collection and gating analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
[1IBX Antibodies XI|[] chip-seq

X|[] Eukaryotic cell lines ] Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
X |:| Animals and other organisms

|:| |Z Human research participants

|:| Clinical data

X |:| Dual use research of concern

Antibodies
Antibodies used FITC CD138 (DL-101; 352303) 1/100

FITC CD116 (4H1; 305906) 1/100

FITC CD21 (Bu32; 354909) 1/50

FITC CXCR5 (J25D4; 356913) 1/33
Ax488 CXCRS (J25D4; 356911) 1/33
PerCP-Cy5.5 CD8 (RPA-T8; 301031) 1/100
PerCP-Cy5,5 CD33 (WM53; 303413) 1/100
PE CD19 (HIB19; 302207) 1/100

PE CD56 (HCDS6; 318305) 1/100

PE gd TCR (B1; 331209) 1/100

PE-Cy7 CD27 (0323; 302837) 1/100
PE-Cy7 CD123 (6H6; 306009) 1/50
PE-Cy7 CD8 (SK1; 344711) 1/100

APC CD38 (HIT2; 303509) 1/200

APC HLA-DR (L243; 307609) 1/100

APC CD27 (0323; 302809) 1/200

Ax700 CD45 (HI30; 304023) 1/100
Ax700 CD14 (M5E2; 301822) 1/100
APC-Cy7 IgD (IA6-2; 348217) 1/50
APC-Cy7 CD16 (3G8; 302017) 1/100
APC-Cy7 CD45RA (HI100; 304127) 1/100
Pac Blue HLA-DR (L243; 307623) 1/100
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Pac Blue PD-1 (EH12.2H7; 329915) 1/50
BV605 CD3 (OKT3; 317321) 1/100

BV650 CD4 (OKT4; 317435) 1/100

BV650 CD19 (HIB19; 302237) 1/100

BUV395 IgM (BD; G20-127; 563903) 1/20
BUV395 CD45RA (BD; HI100; 740298) 1/20
AID (eBioscience; mAID-2; 13-5959-82) 1/100

Validation All antibodies are commercially available and have been validated by the manufacturer for use in flow cytometry. Please consult the
corresponding catalogue numbers provided above for the manufacturer validation data on their respective websites. All antibodies
were titrated for our experiments prior to use with organoid culture samples. For AID staining, we confirmed specificity with a no-
primary-antibody control.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Children undergoing tonsillectomy were recruited with IRB approval for donating tissues to this study - 80% for obstructive
sleep apnea, 17% for recurrent tonsillitis, and 3% for sleep-disordered breathing. Patient ages ranged from 2-16 years. 44%
of participants were female, 56% male.

Donor lung lymph nodes and spleens were provided by the Gift of Hope Organ and Tissue Donor Network to the University of
Chicago. These tissues were determined to have IRB Exempt Status by the University of Chicago IRB. Only de-identified
demographic information was obtained.

Patients were recruited immediately prior to surgery. Patients or their guardians who could not provide explicit written
informed consent were excluded. Tonsil patients with serious infections or who were taking systemic immunomodulatory
drugs were excluded from the study. All living participants in this study provided written informed consent (or through their
legal guardians). Individuals responsible for consenting patients and collecting tissues were not involved in the scientific
aspects of the study. We do not expect any systematic bias in our collection strategy.

IRB for Stanford University (tonsils; written informed consent from patients or their legal guardians; approval numbers 30837
and 47690) and the University of Chicago (LNs and spleens, exempt status)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

The tissue processing is a major component of the technique and thus is extensively described in the methods. After isolation
of tonsil cells and culture, samples were prepared as follows: tonsil organoids were harvested from the upper portion of
transwells by rinsing the membranes with PBS. Cells were washed with FACS buffer (PBS + 0.1% BSA, 0.05% sodium azide,
2mM EDTA) and stained with the anti-human antibodies in the presence of Fc block with live/dead aqua zombie stain. Cells
were washed and then resuspended in FACS buffer prior to analysis.

LSRII (4-laser system, BD), Ariall or Fusion sorter (5-laser system, BD)

FACS DIVA (BD)

Samples were sorted for depletion and reconstituted at physiologically relevant, pre-existing frequencies as controls. Post-
sort analysis was performed as described in-text.

Gating strategy is provided in extended data. Briefly, cells were identified based on scatter properties, singlets based on FSC-
H vs A, live cells, CD45+ vs CD45- cells, and lymphocyte populations based on established markers shown.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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