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The protective efficacy of serum antibodies results from the interplay of antigen-specific
B cell clones of different affinities and specificities. These cellular dynamics underlie

serum-level phenomenasuch as original antigenic sin (OAS)—a proposed propensity
oftheimmune systemtorely repeatedly on the first cohort of B cells engaged by an
antigenic stimulus when encountering related antigens, in detriment to the induction
of de novo responses'. OAS-type suppression of new, variant-specific antibodies may
pose abarrier to vaccination against rapidly evolving viruses such as influenza and
SARS-CoV-2%". Precise measurement of OAS-type suppression is challenging because
cellular and temporal origins cannot readily be ascribed to antibodies in circulation;
its effect on subsequent antibody responses therefore remains unclear>®. Here we
introduce amolecular fate-mapping approach with which serum antibodies derived
from specific cohorts of B cells can be differentially detected. We show that serum
responses to sequential homologous boosting derive overwhelmingly from primary
cohort B cells, while later induction of new antibody responses from naive B cells is
strongly suppressed. Such ‘primary addiction’ decreases sharply as a function of
antigenic distance, allowing reimmunization with divergent viral glycoproteins to
produce de novo antibody responses targeting epitopes that are absent from the
priming variant. Our findings have implications for the understanding of OAS and for
the design and testing of vaccines against evolving pathogens.

The ability of serum antibodies to protect against infection isan emer-
gent property of the complex mixture of immunoglobulins secreted
overtimeby B cell clones of various specificities and of a range of affini-
ties. The plasma cells that produce these antibodies arise through mul-
tiple parallel pathways, ranging from direct differentiation from naive
B cell precursors after primary infection orimmunization to elaborate
routes involving one or more rounds of affinity maturation in germinal
centres (GCs) and intercalating memory B cell phases. The complex-
ity of these cellular pathways compounds markedly with repeated
antigenic exposure® 2, and their ultimate contribution to the serum
antibody pool has been difficult to deconvolute. On the one hand,
molecular analyses ofimmunoglobulin genes obtained from memory
or GC B cells do not directly assess the composition of antibodies in
the serum®™™¢; on the other hand, direct studies of the clonal compo-
sition of serum antibody cannot readily assign a cellular or temporal
origin to antibodies of different specificities'®. The clonal dynamics
of immune phenomena that take place at the serum level therefore
remain poorly understood.

A serum-level phenomenon that has been particularly difficult to
unravel is OAS, described in the 1950s as a tendency of individuals
exposed to agiven strain of influenza to respond with antibodies that
react more strongly to the first strain of influenzathey had metinearly

childhood thanto the exposure strainitself*'?, OAS was originally attrib-
uted to apropensity of theimmune systemto repeatedly reuse the first
cohort of B cells that respond to an antigen, the reactivity of which
will necessarily be biased towards the strain that originally elicited it.
However, in contrast to related concepts such as antigenic seniority*?°,
OAS (as defined herein) requires active suppression of the de novo
recruitment of new B cell clones from the naive repertoire after boost-
ing?*, thereforerestricting the ability of the immune system to mount
specific antibody responses to escape epitopes. The extent to which
thisactive suppression exists and influences subsequent responses has
been debated for decades®®. More recently, B cell fate-mapping experi-
mentsinmice have shown that, inapparent contrast to the predictions
of OAS, GCsthat forminresponse to boosting consist almost exclusively
of naive rather than memory-derived B cells?® %%, This later addition
implies that either the effects of OAS in mice are negligible, or that
OAS is aphenomenon that is observed exclusively at the serum level.

Molecular fate-mapping of serum antibody

Resolving this issue, as well as generally understanding the effect of
OAS on the response to repeated antigen exposure, would require
the ability to transpose such cellular fate-mapping experiments to
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Fig.1| The K-tagsystem for molecular fate-mapping of serum antibodies.

a, Schematic of the /gk™ (K-tag) allele before and after Cre-mediated
recombination. UTR, untranslated region. b, Flow cytometry analysis of blood
B cells showing the expression of Flag- and Strep-tagged B cell receptorson
mice of theindicated genotype. ¢, Westernblot analysis of serum obtained
frommice of theindicated genotype, stained for Igk light chain or Flag/Strep
tags. Representative of two experiments. d, Schematic of theimmunization
strategy used to fate-map GCB cellsand their antibody output. e, Flow cytometry
analysis of the popliteal lymph node 12 days after footpad immunization with
TNP-KLHin alumadjuvant. B cells (B220*CD4 CD8 CD138") were stained for GC
(Fas*CD38") and follicular (Fo) B cell (Fas"CD38") markers. f, Quantification of

the serum antibody itself. To achieve this, we adapted the classic
fate-mapping strategy to enable the detection of the cellular and
temporal origin of antibodies in the serum—an approach that we call
molecular fate-mapping. We engineered mice in which the C terminus
of theimmunoglobulin kappa (Igk) light chain gene (/gk) is extended
to encode a LoxP-flanked Flag tag, followed by a downstream Strep
tag (Fig. 1a and Extended Data Fig. 1). B cells bearing this ‘K-tag’ allele
produceimmunoglobulins that are Flag-tagged unless they are exposed
to Crerecombinase, after which they permanently switch the Flag tag
for a Strep tag. Cre-mediated recombination therefore fate-maps the
antibodiesthat these B cells and their plasma cell descendants express
on their surfaces and/or secrete into serum. This enables differential
detection of pre- and post-fate-mapping Igk" antibodies using second-
ary reagents specific for each tag.

To verify the functionality of the K-tag allele, we first determined
that B cells in /gk’™ mice expressed tagged B cell receptors on their
surface. Following the rules of allelic exclusion®, around 50% and 95% of
B cells from mice expressing heterozygous gk (wild type (WT)/tag) or
homozygous Igk™¢'™ mice were Flag” (as expected, about 5% of B cells
inhomozygous mice carried anlIgA light chain®; Extended DataFig. 2a).
K-tag miceinwhichall B cells constitutively expressed Cre recombinase
(Igk™¢/¢Cd79a“""*) replaced Flag with a Strep tag in almost all Igk* B
cells (Fig. 1b). Importantly, K-tag mice appropriately secreted Flag- or
Strep-tagged antibodies into the serum in the absence or presence of
Crerecombinase, respectively (Fig. 1c), without affecting steady-state
serum antibody levels (Extended Data Fig. 2b). The generation and
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the dataine.Eachdotrepresentsanindividual lymph node, and the bars
represent the medianvalues. g, Anti-TNP total IgG and tag-specific end-point
titresasdetermined by TNP,-BSA ELISA in miceimmunizedi.p. with TNP-KLH in
alhydrogel adjuvant. The thinlines representindividual mice and the thick lines
link the medians of log-transformed titre values at each time point. Results are
from nine mice from two independent experiments. Tmx., tamoxifen. h, The
relative affinity of anti-TNP Flag" and Strep* antibodies of the same samples
showningasestimated by ELISA using TNP,-BSA or TNP,;-BSA as capture
reagents. Dataaremean £s.e.m. of thelog-transformed titre values. The ratio
betweenanti-TNP-BSA and anti-TNP;-BSA titres was calculated per sample,
shownontheright.

maturation of K-tag B cells was unimpaired, as indicated by the equal
proportion of tagged and untagged circulating B cells in /gk"" " mice
(Fig. 1b). The same was true of circulating B cells and bone marrow
plasma cells expressing Flag and Strep tags in gk "mice, in which
one of the two K-tag alleles was prerecombined by Cre expression in
the germline (Fig. 1b and Extended Data Fig. 2c).

To ensure that Flag™ and Strep” B cells were equally competitive
throughout the course of B cell activation, affinity maturation and
plasma cell differentiation, we primed and boosted [gk"™®*™" mice with
the model antigen 2,4,6-trinitrophenyl-keyhole limpet haemocyanin
(TNP-KLH) in alum adjuvant and followed the serum titres of antibodies
bearing each tag over time. To enable a direct comparison of titres of
anti-TNP antibodies bearing each tag, we diluted secondary (anti-Flag
or anti-Strep) antibodies to achieve similar detection of standard
curves generated using recombinant Flag- or Strep-tagged mono-
clonal antibodies (Extended Data Fig. 2d). End-point enzyme-linked
immunosorbent assay (ELISA) titres normalized using these curves
showed a similar range of anti-TNP reactivity between the Flag* and
Strep” fractions (Extended Data Fig. 2e), indicative of equal competi-
tiveness of the differently tagged B cells.

Following the serum antibody produced by B cells engaged at dif-
ferent stages of the immune response requires temporally restricted
fate-mapping of activated B cell clones. To enable this, we crossed
Igk™¢ mice to the GC-specific, tamoxifen-inducible S1pr2-cret*™
BAC-transgenic allele® (to generate S1pr2-Igk’™ mice). Tamoxifen
treatment of mice on days 4 and 8 after TNP-KLH immunization led
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to efficient recombination (96.1 £ 0.50% (mean £ s.e.m.) ((Strep*/
Tag") x100)) of the K-tag allele in GC B cells but not in non-GC B cells
inthe same lymphnode at12 days afterimmunization (d.p.i.) (Fig.1d-f).
Again, tagged B cells were found at similar proportions to untagged
B cells in heterozygous S1pr2-Igk"”™ mice (on average 41+ 9.0%
(mean ts.d.) Tag"), indicating that expression of the tag does notimpair
B cell competitiveness in the GC (Extended Data Fig. 2f,g). GC B cells
in Cre"animals (Fig. If) or SIpr2-Igk"™& mice not treated with tamox-
ifen remained Flag®, with only minimal spontaneous recombination
(1.3£1.0% (mean *s.d.) Strep* at day 12 d.p.i.) in the latter (Extended
DataFig. 2g).

Total anti-TNP IgG antibodies in SIpr2-Igk™ mice immunized
intraperitoneally (i.p.) with TNP-KLH in alhydrogel and treated with
tamoxifen ondays 4, 8and12 werefirst detected in the serumat 8 d.p.i.
andincreased progressively until 60 d.p.i. (Fig. 1g). Deconvolution of
GC-derived (Strep®) and non-GC derived (Flag’) antibodies showed that
aninitial wave of extrafollicular Flag* antibodies that peaked at 8 d.p.i.
was progressively replaced by GC-derived Strep* antibodies that were
firstdetectedintheserumat14 d.p.i. (Fig.1g). Flag* anti-TNP antibod-
iesregressed tonear baseline levelsbetween 47-60 d.p.i., as expected
fromtheir extrafollicular origin. An affinity-dependent anti-TNP ELISA
showed detectable affinity maturation only in the GC-derived Strep”
antibody fraction (Fig. 1h), confirming the efficient fate-mapping of
GC-derived antibody. The background signal in control animals that
were not given tamoxifen remained below the limit of detection (LOD)
throughout the primary response (Extended Data Fig. 2h). Thus, the
S1pr2-Igk™& mouse model enables us to discern antibodies derived
from the first wave of B cells that entered a GC reaction in response
to immunization. Our data also show that extrafollicular responses
are of relatively short duration in these settings and that almost all
antibodies detectable after the first few weeks of immunization, and
especially antibodies with high affinity, were derived from plasma
cells of GC origin.

Primary addictionin homologous boosting

With this system in hand, we sought to measure the extent to which
OAS-type suppression affects the development of de novo antibody
responses to homologous boosting (we refer to this suppression
generically as primary addiction, to encompass the homologous
regimen). To this end, we took advantage of the ability to trigger
Cre-mediated recombination of the K-tag allele in a time-resolved
manner by administration of tamoxifen to mark serumantibodies pro-
duced by B cells that formed GCs in response to primary immunization
(the primary cohort). In addition to labelling primary-cohort B cells,
this approach also ‘reverse fate-maps’ with a Flag tag any antibodies
thatarose from clones engaged de novo by subsequent booster doses.
This property enables us to distinguish between two models of recall
antibody response: (1) a simple sequential contribution model, in
which de novo responses, although smaller than memory-derived
ones, are nevertheless allowed to progress with similar kinetics toanew
primary response, adding up as more doses of antigen are provided
(related to antigenic seniority); and (2) a primary addiction model
(related to OAS), in which the primary response actively suppresses
the emergence of subsequent de novo antibody responses even after
several boosts (Fig. 2a).

We primed S1pr2-Igk™ micei.p. with alum-adjuvanted TNP-KLH and
administered tamoxifen at 4, 8 and 12 d.p.i. to fate-map the primary
cohort GCB cells and their memory and plasma cell progeny (Fig. 2b).
In this setting, all primary-cohort-derived antibodies are Strep”,
whereas any antibody produced by B cell clones expanded de novo
by secondary or higher-order boosting (including by their memory or
plasma cell progeny) will be reverse fate-mapped as Flag". Importantly,
aswedonotrely on differences between antigen variants to distinguish
primary from secondary or later antibodies, this approach enables us
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tomeasure primary addiction at zero-antigenic distance—thatis, when
priming and boosting with the exact same antigen. As suppression of
denovoantibody responsesis likely to decrease as antigenic distance
increases??, this approach enables us to estimate the strength of
primary addiction whenitis atits strongest.

Homologous boosting1and 2 months after the primary immuniza-
tionresulted in the expected increases in recall TNP titres (Fig. 2¢c)
and the formation of recall GCs that were dominated by naive-derived
B cells® (Extended Data Fig. 3a). Deconvolution of these responses
using tag-specific ELISA revealed that both secondary and tertiary titres
were strongly dominated by fate-mapped (Strep*) antibodies derived
from primary cohort B cells. Whereas Flag® TNP-specific antibodies
also appeared after eachboost, their titres peaked at much lower levels
and decayed markedly with time (Fig. 2c). Importantly, counter to the
expectations of the sequential contribution model (Fig. 2a), Flag" titres
did not increase progressively between the second and third antigen
doses, when any Flag" memory B cells would have been reactivated.
To synthesize both measures, we created a ‘primary addiction index’,
computedbydividingStrep*bytotal Strep* + Flag" titres (S/(S + F) x100).
This showed that almost all detectable recall antibodies (mean 95%
and 97% of serumreactivity at 14 days after the firstand second boosts,
respectively) were derived from the B cell cohort engaged in the pri-
mary GCresponse (Fig. 2d). Depletion of IgM from serum samples after
boosting resulted in a sharp reduction in Flag* but not Strep* recall
TNP titres, supporting the notion that naive-derived B cells engaged
by recall generate primarily an extrafollicular-like (IgM-dominated)
B cell response (Extended Data Fig. 3b,c).

To extend these findings to a clinically relevant setting, we immu-
nized and boosted mice as in Fig. 2b but using a lipid nanoparticle
(LNP)-formulated nucleoside-modified mRNA vaccine encoding the
prefusion-stabilized (2P) form of the SARS-CoV-2 Wuhan-Hu-1 (WH1)
spike (S) protein, similar to available SARS-CoV-2 mRNA vaccines?®.
Secondary and tertiary anti-S protein receptor-binding domain
(RBD) antibodies were again almost entirely derived from primary
cohort (Strep®) B cells (Fig. 2e,f). As with GC B cells (Extended Data
Fig.2g), low-level spontaneous recombination to Strep* antibodies was
detectedinrecall responsesin control mice not given tamoxifen. This
resulted in a slight underestimation of Flag” antibody titres (median
2.1% and 2.8% 2 weeks after second and third immunizations, respec-
tively; Extended Data Fig. 3d). Although primary addiction was more
pronounced for the SARS-CoV-2 RBD than for TNP-KLH after the first
boost (no new (Flag") antibody was detected at this time point), 5 out
of12mice developed low but stable titres of Flag" anti-RBD antibodies
after the third dose. This bimodality was independent of the experi-
mental cohort and of whether boosting was done ipsilaterally or con-
tralaterally to the site of the primary dose (Extended Data Fig. 3e) and
istherefore likely ascribable to stochastic variability inherent to highly
oligoclonal recall responses?. To quantify the extent to which de novo
antibody responses to the boost were suppressed by previous priming
(that is, the magnitude of the primary addiction suppressive effect),
we compared Flag” antibodies in mice that were given three doses of
WHImRNA-LNPs (WWW) to an additional group inwhich the priming
and fate-mapping steps were omitted (OWW). Flag® responses were
55-fold lower in WWW mice compared with in @WW mice at 4 weeks
after the final dose (Fig. 2g), indicating strong suppression of new
B cell responses in primed animals compared with what they would
havebeeninthe absence of priming. Finally, primary addictionwaslong
lasting, as even a fourth immunization of a subset of mice (>133 days
after the previous boost) was dominated by Strep-tagged antibod-
ies (Fig. 2h and Extended Data Fig. 3f), again failing to demonstrate
the progressive increase in Flag® antibody titres predicted by a sim-
ple sequential contribution model (Fig. 2a). We conclude that pri-
mary addiction can be very strong when measured at zero antigenic
distance—evidence of OAS-type suppression of de novo B cell responses
by pre-existing immunity.
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Antigenic drift limits primary addiction

To measure how primary addiction responds to increasesin antigenic
distance between priming and boosting antigens, we used historical
series of drifted influenza virus haemagglutinin (HA) variants as mod-
els. We first used aninfluenzainfection/immunization model (Fig. 3a)
based on two of the strains for which OAS was originally described—
A/Puerto Rico/8/1934 (PR8) and A/Fort Monmouth/1/1947 (FM1)'*—of
which the HAs (HA;g and HAp,,;) share 90% identity at the amino acid
level (Fig. 3b). As with hapten and mRNA immunization, the primary
response to HAzs was characterized by high extrafollicular (Flag®)
titres that peaked between 8 and 16 days after infection and were sub-
sequently replaced by GC-derived (Strep®) titres (Fig. 3c). Homologous
boosting with recombinant HAs protein subcutaneously at 3 and 4
months afterinfectionresultedinallogincrease in Strep” HApzg bind-
ing titres after the first boost and a less pronounced increase after
the second boost. As with protein immunization, the contribution of
non-primary (Flag®) antibodies to total titres was small—even though
itincreased progressively between the first and second boosts, its
peak median value was around 10% of HA reactivity (Fig. 3c). Heterolo-
gous boosting with HA,, led to only slight back-boosting of primary
Strep” HApgg titres and had almost no effect on Flag" HAgs reactivity
(Fig. 3d), indicative of substantial antigenic distance between these
variants. Accordingly, cross-reactive primary titres towards HAp,, were
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completely absent from the primary extrafollicular response to PR8
infection and began to emerge only at approximately 4 weeks in the
Strep® antibody fraction (Fig. 3d), probably as a side effect of affinity
maturation towards HAs. Heterologous boosting not only increased
these cross-reactive (Strep”) titres by close to 11log but, importantly,
alsoinduced substantial responses from de novo clones elicited by the
boost, in that around half of all serum reactivity to HA,,; was derived
from the Flag" fraction after the second boost (Fig. 3d). Comparing
these levels to those achieved by two doses of HA;,, in the absence of
previous infection showed that primary addiction suppressed new
responses by 3.8-fold (Extended Data Fig. 4a), much less than the 55-fold
suppressionachieved in homologous mRNA-vaccination (Fig. 2g). Thus,
heterologous boosting partly circumvents primary addiction, enabling
improved expansion and serum contribution of variant-specific B cell
clones that are notinvolved in the primary response.

To verify this notion over a wider range of antigenic distances,
we immunized mice i.p. with recombinant H1 from strain A/New
York/614/1995 (HAy,s) inalhydrogel adjuvant, thenboosted these mice
twice, either homologously with HAyos or heterologously with H1s from
strains A/New Caledonia/20/1999 (HAyces; aslightly drifted strain with
96% amino acid identity to HAyyes) or pandemic A/California/07/2009
(HAca00; an ‘antigenic shift’ strain, with 80% amino acid identity; Fig. 3e
and Extended Data Fig. 4b). Generally, primary addiction was weaker
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and more variablein this setting, even with homologous boosting, pos-
sibly due to the overall weak primary response elicited by recombinant
HApgs protein (Extended Data Fig. 4c). Nevertheless, we observed a
progressive decrease in primary addiction as the antigenic distance
between the primary and boost antigens increased, so that up to 80%
of total serum responses to HA¢,q, were Flag-tagged (corresponding
to 20% primary addiction) after boosting with this variant (Fig. 3f,g).
Pooling datafor theinfection andimmunization experimentsaccording
to the similarity between priming and boosting HAs showed a highly
significant linear decrease in primary addiction as antigenic distance
increased (Extended DataFig.4d). We conclude thatincreased antigenic
distance between priming and boosting antigens counteracts primary
addiction, therefore enabling the generation of new, variant-specific
antibody responses.

Heterologous SARS-CoV-2 spike boosting

A setting in which subversion of primary addiction by antigenic dis-
tance is clinically important is the response to Omicron strains of
SARS-CoV-2inindividuals who were previously exposed to antigens
from the WH1strain. We used the K-tag system to estimate the degree
to which boosting with mMRNA-LNP encoding the S protein from the
Omicron BA.1strain was capable of overcoming primary addiction
generated by priming with WH1-S-encoding mRNA-LNP (the WH1
and BA.1strains have 98% and 92% amino acid identity in the full S
proteinand RBD domains, respectively). We primed S1pr2-Igk™ mice
with WHI mRNA-LNP in the right leg, then boosted these mice 1and
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withthe number of miceineachgroupindicatedinthe graphs.

2 months later with either BA.1 or WH1 mRNA-LNP distally in the left
leg (Fig.4a). Boosting induced similar total IgG responses to WH1and
BA.1RBDs in both groups (Fig. 4b). By contrast, whereas sera from
both groups neutralized a WH1 pseudovirus® equally, BA.1-boosted
serum was on average 15-fold more potent against BA.1 pseudovirus,
indicating a strong qualitative difference between the heterologous
and homologous boosting regimens. Deconvolution of these effects
by tag-specific ELISA revealed responses to the WH1 RBD that were
indistinguishable between homologously and heterologously boosted
animals, in that primary (Strep*) antibodies were strongly dominant
in both settings, with no substantial Flag* response after the initial
extrafollicular response (Fig. 4c,d). Whereas little to no Strep* anti-
bodies to the BA.1 RBD were observed after primary immunization,
recall Strep* reactivity to the BA.1RBD was equally strong regardless of
whichvariant was used for boosting (Fig. 4c,d). This observation agrees
with previous reports documenting the evolution of cross-reactivity
to other strains as a consequence of affinity maturation towards WH1
vaccination in humans®. Importantly, however, heterologous boost-
ing resulted in a pronounced increase in BA.1RBD titres generated by
newly recruited (Flag®) clones that were not cross-reactive with the WH1
strain, areactivity otherwise absent from mice boosted homologously
(Fig. 4c,d). At their peak (2 weeks after the second boost), Strep* anti-
bodies accounted for an average of 73% (+19% s.d.) of total anti-BA.1
reactivity across heterologously boosted mice (Fig. 4d). Theinduction
of new (Flag’) antibodies after double BA.1boost was even more pro-
nounced when assaying for reactivity against the full-length WH1and
BA.1S proteins (Fig. 4e). Two doses of BA.1in the absence of previous
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WHIlimmunization (@¥BB) generated responses that were only 3.6-fold
higher thanthe WBB (WH1-BA.1-BA.1) group (a difference that did not
reach statistical significance; Fig. 4f), again showing that the effect
of primary addiction in this setting is greatly reduced compared with
that observed for homologous boosting (Fig. 2g). We conclude that
BA.1is sufficiently divergent from WH1 to induce substantial de novo
antibody responses, evenifitis not able to entirely overcome primary

¥
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mice from twoindependent experiments. WBB dataare from ¢, remeasured
inthe same assay as @BB. g, Schematic of antibody fractionation for the
neutralizationassay. h, BA.1NT, titres for WBB mice at the same timepointas
ind.Post-depletion NTs, values were normalized as described in the Methods.
Pvalues were calculated using one-tailed paired t-tests. i, The potency of the
anti-RBD BA.1Strep* (Flag-depleted) and Flag* (Strep-depleted) fractions. Raw
NT,, values for each fraction were divided by their respective RBD ELISA titres.
Pvalues were calculated using two-tailed paired t-tests.j, WH1RBD structure
(PDB: 6MO0J) with amino acid changesin BA.1 highlightedinred.k, Deep
mutational scanning analysis of serum samples obtained from three WBB mice
2 weeks after thirdimmunizationasind. Antibody-binding siteson RBD are
shaded accordingto escape fraction. The positions that are most highly
targeted by eachserum fractionareindicated (BA.1-specific residues are
shownin parentheses).

addiction. Moreover, the key difference between boosting homolo-
gously and heterologously is that only the latter can elicit a robust
de novo response to the drifted strain.

To determine whether the enhanced neutralization of BA.1observed
after heterologous boosting (Fig. 4b) was due to the induction of new
BA.1-specific antibodies in this setting, we fractionated WBB serum
samples taken 2 weeks after the thirdimmunizationinto Flag-depleted
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(Strep”, primary) and Strep-depleted (Flag®, new) preparations
(Fig. 4g and Extended Data Fig. 5a) and measured their neutralizing
potency against WH1and BA.1 pseudovirus. As expected, depletion of
Flag® antibodies had minimal effect on WH1 neutralization, whereas
Strep* depletion resulted in a much greater decrease (1.7-fold versus
8.5-fold, respectively; Extended DataFig. 5b,c). By contrast, removing
new (Flag®) antibodies from WBB sera resulted in a greater reduction
inBA.1neutralization compared with removing primary (Strep*) anti-
bodies (4.9-fold versus 1.9-fold decrease; Fig. 4h), even though Strep*
antibodiesbound more avidly to the BA.1RBD by ELISA (Fig.4d). To esti-
mate the neutralizing potency per unit of specific antibody, we divided
the 50% neutralization titre (NTs,) derived from the BA.1 pseudovirus
assay by the end-point binding titre obtained by BA.1 RBD-specific
ELISA. When normalized to reactivity in this manner, new (Flag") anti-
body was onaverage 7.0-fold more potent at neutralizing BA.1than the
Strep* antibody produced by primary-cohort B cell clonesin response
to WHI1 (Fig. 4i). As calculated in Extended Data Fig. 5d, around 80% of
the excess BA.1neutralization by WBB compared with WWW samples
could beattributed to de novo generation of BA.1-specific antibodies
fromnaive cells rather than to secondary affinity maturation or prefer-
ential selection of primary-cohort memory B cells. Thus, the antibodies
that escape primary addiction after BA.1 boosting are optimized to
neutralize the variant strain.

Finally, to gain mechanisticinsightsinto how antigenic driftleads to
attenuation of primary addiction, we performed deep mutational scan-
ning®*2to define the WH1and BA.1RBD epitopes targeted by Flag' and
Strep*antibodiesin heterologously boosted mice (Fig. 4j and Extended
DataFig. 6). This approach enabled us to separately determine the
epitopes targeted by primary and new antibody in the same mouse.
We measured the antibody escape patterns of four mice against BA.1
(both Strep” and Flag” antibodies) and WH1 RBD (Strep* antibodies
only), three of whichshowed interpretable dominance peaks (Extended
DataFig. 7). In these three mice, there was clear segregation of the
epitopes targeted by primary Strep” and new Flag* antibodies (Fig. 4k
and Extended Data Fig. 7). In two mice, Strep* antibodies targeted
residues of the ‘class 3’ epitope located on the outer face of the RBD
(Arg346, Arg357,1le468), which, asexpected, were conserved between
WHI1and BA.1(Fig. 4j,k). By contrast, Flag" antibodies in both mice were
focused on the BA.1-specific residue Arg493 (GIn493 in WH1), located
onthetop ofthe RBD inthe ‘class 2’ region of the ACE2-binding surface.
The third mouse showed analogous segregation between primary and
new antibodies but targeted to different epitopes. Whereas Strep*
antibodies were heavily focused on the conserved class 1/2 epitope
thatincludes Gly485/Phe486 (on the top of the RBD at the ACE2 inter-
face), Flag*antibodies bound primarily to an epitope thatincludes the
BA.1-specific Lys440 residue (Asn440 in WH1) on the side face of the
RBD distal to Gly485/Phe486 (class 3). Notably, both N440K and Q493R
have been reported to lead to escape from neutralization by various
monoclonal antibodies® . Thus, all three mice followed a logic in
which new antibodies elicited by heterologous immunization prefer-
entially targeted epitopes that contained BA.1-specific escape muta-
tions and that did not overlap with epitopes bound by cross-reactive
primary antibodies. We conclude that primary addiction, by acting
in an epitope-specific manner, suppresses the de novo generation of
antibodies to conserved epitopes, while allowing the induction of new
antibodies targeted specifically to drifted epitopes.

Discussion

Takentogether, onthe basis of our findings using the K-tag system, we
make two main points. First, suppression of de novo antibody responses
by existing immunity, a necessary feature of OAS as we define it, is
extremely potent when measured at zero antigenic distance. These
findings support the primary addiction/OAS? model (Fig. 2a) inwhich
existing responses prevent the emergence of new serum antibodies to
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the same antigen, over a sequential contribution/seniority?* modelin
which first-cohort responses are larger simply because they were estab-
lished first and therefore boosted a greater number of times. Second,
primary addiction weakens markedly as antigenic distance between
priming and boosting strains increases. This observation suggests an
explanation for why OAS has been so difficult to document experimen-
tally ina consistent manner’—traditional measurements, which rely on
differences between drifted antigens to assign antibodies to primary
or de novo cohorts, may be able to distinguish these cohorts reliably
onlywhen antigenic distanceis too great to allow for clear detection of
primary addiction. A case in point is that our model estimates that
primary addiction between PR8 and FM1, the influenza virus strains for
which OAS wasiinitially described?, is relatively weak (equivalent toa
3.8-fold suppression of the de novo response), and may therefore be
difficultto ascertain without the precision afforded by the K-tag model.

Our data are consistent with observations in humans showing that,
after seasonal influenzavaccination, alarge proportion of serum anti-
body clonotypes arerecalled from pre-existing pools, although these
studies remained agnostic to whether vaccine-induced antibody clo-
notypes arose from de novo responses or from recall of undetected
memory B cells"’**, Humans, even with their rich influenza antigen
exposure history, are able to mount substantial de novo responses in
recall GCs, while relying on memory B cells for the immediate plasma
cell response?. We therefore expect the general mechanics of pri-
mary addiction reported here to apply to humans as well, atleast in
general terms. In the SARS-CoV-2 setting, OAS-type suppression may
explainthe smalland variable differences in the preferentialinduction
of Omicron neutralization by variant-specific or bivalent compared
withhomologous vaccination®®* Our data suggest thatasecond dose
of an Omicron-containing vaccine may be required to reveal the full
extent of de novo antibody induction by Omicronboosting. However,
inpractice, the repeated exposure of most individuals to WH1 antigens
before Omicron boosting, as well as the potential greater propensity
of human GCs to allow entry of reactivated memory B cells®’, may lead
to stronger OAS-type suppression of Omicron-specific antibodies in
real-life scenarios.

Mechanistically, our measurements at zero antigenic distance indi-
cate a functional divide between recall GCs and serum responses in
mice—whereas the former consist almost exclusively of naive-derived
B cell clones® %, the latter are dominated by the effects of primary
addiction. A potential explanation for this divergenceis that the naive
B cells that contribute to secondary GCs are not of sufficient affinity
either to exit the GC as plasma cells or to secrete antibodies that are
detectable by direct ELISA. Low antigen binding among naive-derived
secondary GC B cells has been reported previously by others?, whichis
consistent with the latter hypothesis. As antigenic drift for both influ-
enzavirus and SARS-CoV-2is primarily driven by immune escape, the
loosening of OAS in heterologous settings should in principle focus
newly recruited B cell clones on drifted neutralizing epitopes. This view
is supported by the results of our neutralization and epitope mapping
experiments. Moreover, RBD-binding antibodies that escaped primary
addictiontended tofocus onnew residues located within epitopes that
were notdominant targets of the cross-reactive first-cohort response.
This pattern suggests antibody-mediated epitope masking—whereby
serumantibodies that are either present before boosting or produced
acutely by boosted memory B cells compete with naive B cells for
binding to a specific epitope—as a potential mechanism for primary
addiction. Similar effects have been observed previously by infusion
of monoclonal antibodies before induction of animmune response
in mice and humans and are predicted to affect the fine specificity of
recall responses** ™, These findings not only indicate that the suppres-
sion of de novo antibody responses afforded by primary addiction is
epitope specificrather than antigen specific (epitope masking, rather
thanantigen trapping”), butalso suggest a teleological explanation for
why it might be advantageous for memory B cells to avoid re-entering



secondary GCs**8, as competition by memory B cells could inhibit the
ability of naive cells to generate antibodies tailored to new epitopesin
viral escape variants. Insuch aframework, the primary role of second-
ary GCs would be to circumvent the worst effects of OAS.
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Methods

Mice

WT C57BL/6) and B6.C(Cg)-Cd79a" croReth/Epob) (Cd79a*, also
known as Mbl-Cre*’) mice were obtained from The Jackson Labora-
tory. SIpr2-cre®®? BAC-transgenic mice® were a gift from T. Kurosaki
and T. Okada. /gk™ mice were generated at the Rockefeller University.
We designed the allele as indicated in Fig. 1a and Extended Data Fig. 1,
with a Flag tag (DYKDDDDK) and Strep-Il tag (WSHPQFEK) separated
by stop codons and the SV40 poly-A transcriptional terminator. The
522-nucleotide single-stranded DNA template (including 5’ and 3’
homology arms, each100 nucleotides long) and the CRISPR guide-RNA
(GGAGCTGGTGGTGGCGTCTC) were purchased from IDT and prepared
accordingto the Easi-CRISPR gene targeting method® by the Rockefeller
University Gene Targeting Resource Center and injected into zygotes
obtained from C57BL/6 mice by the Rockefeller University Transgenic
Services core facility. We verified that the allele was correctly inserted
by Sanger sequencing across the entire locus using genomic primers
located outside of the homology arms. To decrease the risk of potential
CRISPR off-target effects, one founder mouse was back-crossed for at
least five generations onto C57BL/6) mice before use in experiments. To
generate Igk€" " mice, germline-excised (Cre-negative mice displaying
Strep* B cell surface staining) mice, obtained from occasional spontane-
ous germline recombinationin Cd79a%* gk’ breedings, were crossed
to the parental jgk™® strain. All of the mice were held at theimmunocore
cleanfacility at the Rockefeller University under specific-pathogen-free
conditions. All mouse procedures were approved by the Rockefeller
University’s Institutional Animal Care and Use Committee.

Immunizations, infections and treatments

Immune responses were induced in mice (male and female, aged 7-12
weeks) by either subcutaneous footpad immunization with 10 pg TNP,,
-KLH (Biosearch, T-5060) supplemented with 1/3 volume of Imject alum
(Thermo Fisher Scientific) or i.p. immunization with 50 pg TNP-KLH
prepared with 1/3 volume of either alum or aluminium hydroxide gel
(alhydrogel, Invivogen); 20 pg recombinantly produced trimer-stabilized
HA (see below) in alhydrogel; intramuscular immunization of quadri-
cep muscles with 3 pg WHI (ref. ") or BA.1spike mRNA encapsulated
inlipid nanoparticles (MRNA-LNP), generated as described below; or
by intranasal infection with mouse-adapted PR8 influenza virus pro-
duced in embryonated chicken eggs (-33 plaque-forming units, pro-
vided by M. Carroll).In S1pr2-Igk™ mice, the primary immune response
was fate-mapped by oral gavage of 200 pl tamoxifen (Sigma-Aldrich)
dissolved in corn oil at 50 mg ml™, on days 4 and 8 for the day 12 flow
cytometry experiment (Fig.1),on days 4, 8and 12 for all other immuniza-
tionexperiments,and ondays4, 8,12and 16 for the influenzainfection
experiment (Fig. 3). In TNP recall experiments (Fig. 2c), boosting was
performed identically to the primary immunization, at the indicated
time points. Forhomologous mRNA-LNP experiments (Fig. 2e), boost-
ing was performed in the same way as priming, except that, for some
mice, the left quadricep muscle wasboosted (contralaterally, stratifiedin
Extended DataFig.3e). For heterologous mRNA-LNP recall experiments
(Fig. 4), boosting was contralateral in all cases. For HA immunization
experiments (Fig. 3), homologous or heterologous HA protein boosting
was performed ipsilaterally, exactly as the primary immunization. For
infectionexperiments, mice were boosted after 3 months by subcutane-
ousimmunization of the footpad with 5 pg HAzs or HA; prepared with
1/3 volume alhydrogel, as described previously®. In all cases, additional
booster immunizations were performed identically to the first boost.
Blood samples were collected by cheek puncture into microtubes pre-
pared with clotting activator serum gel (Sarstedt, 41.1378.005).

Generation of recombinant and hapten-conjugated proteins
Recombinant HAs used forimmunizations and ELISAs were produced
in-house using the CHO cell protein expression system, as described

previouosly?. Cysteine residues were introduced into the HA sequence
to create trimer-stabilizing disulfide bonds, as originally described
for H1/A/California/07/2009 (ref. ). We described the production of
HApgs and HA 00 previously?. For HAgy,, and HAy,, the same proce-
dure was followed, including the introduction of trimer-stabilizing
mutations. For immunizations, C-terminal domains not native to
HA (foldon, Avi-tag, His-tag) were removed by thrombin cleavage
and HAs were subsequently fast protein liquid chromatography
(FPLC)-purified before storage in phosphate-buffered saline (PBS).
For ELISA, non-thrombin treated FPLC-purified proteins were used.
A high-affinity IgY-specific monoclonal antibody obtained from
CGG-immunized mice (clone 2.1 (ref. >3)) was modified for use as a
standard for Flag/Strep ELISA detection. Heavy and light chain con-
stant regions in the original human monoclonal antibody plasmids®*
were replaced with the mouse IgG, and Igk constant regions and the
Cterminus of C, was modified to encode a LoxP site and a Ser-Gly-Gly
linker followed by either a Flag or Strep-tag, yielding C, chains that
were identical to those produced by /gk™® mice before and after
recombination, respectively. The mAb-Flag or mAb-Strep light-chain
plasmids were transfected together with the heavy chain plasmid into
HEK293F cells (Thermo Fisher Scientific, R79007) and purified using
protein-G affinity chromatography as described previously®. Cell lines
tested negative for mycoplasma and were not authenticated besides
testing the protein they produced. To compare affinity maturation
between Flag" and Strep” anti-TNP antibody titres (Fig. 1h), custom
low- and high-hapten bovine serum albumin (BSA) conjugations
were made in-house. BSA (in PBS; Thermo Fisher Scientific, 77110) at
2.5 mg ml™ was incubated with TNP-g-aminocaproyl-OSu (Biosearch
Technologies, T-1030) in PBS with 20% dimethyl sulfoxide at a molar
ratio of either 1:2 or 1:20 for 2 h at room temperature while rotating.
Unconjugated TNP-e-Aminocaproyl-OSu was removed by dialysis in
PBS. Final TNP:BSA conjugation ratios were estimated to be ~1:1 and
~1:13 by measuring absorbance at 280 and 348 nm, these reagents
are referred to as TNP;-BSA and TNP;;-BSA. The BSA concentration
was corrected by determining the extinction coefficient for TNP-¢-
aminocaproyl-OSuat280 nm.ExceptforinFig.1h,commercial TNP,-BSA
(Biosearch Technologies, T-5050) was used for all other TNP ELISAs
(described below).

Production of mMRNA-LNP

The WH1S mRNA vaccine was designed on the basis of the SARS-CoV-2
S protein sequence (Wuhan-Hu-1, GenBank: MN908947.3) where the
lysine and valine amino acids in positions 986-987 were modified to
prolineresidues to obtain a prefusion-stabilized mRNA-encoded immu-
nogen. The BA.1S amino acid sequence was obtained from the WH1S
by introducing BA.1-specific modifications. Coding sequences of the
WHI1and BA.1Swere codon-optimized, synthesized and cloned into an
mRNA production plasmid (GenScript) as described previously®. mRNA
production and LNP encapsulation was performed as described previ-
ously®. Inbrief, NRNAs were transcribed to contain101 nucleotide-long
poly(A) tails. m1W-5"-triphosphate (TriLink) instead of UTP was used
to generate modified nucleoside-containing mRNAs. Capping of the
invitro transcribed mRNAs was performed co-transcriptionally using
thetrinucleotide caplanalogue, CleanCap (TriLink). mRNA was purified
by cellulose (Sigma-Aldrich) purification, as described previously>®. All
mRNAs were analysed by agarose gel electrophoresis and were stored
frozenat-20 °C. Cellulose-purified m1W-containing RNAs were encap-
sulatedin LNPs using a self-assembly process as previously described,
whereby an ethanolic lipid mixture of ionizable cationic lipid, phos-
phatidylcholine, cholesterol and polyethylene glycol-lipid was rapidly
mixed with an aqueous solution containing mRNA at acidic pH*. The
ionizable cationiclipid and LNP compositionare described in the patent
application W0 2017/004143. The RNA-loaded particles were character-
ized and subsequently stored at —80 °C at a concentration of 1 pg pl™.
The mean hydrodynamic diameter of these mMRNA-LNPs was around
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80 nmwith a polydispersity index of 0.02-0.06 and an encapsulation
efficiency of approximately 95%.

Flow cytometry

For flow cytometry analysis of peripheral B cells, blood was collected
inmicrotubes with ethylenediaminetetraacetic acid (EDTA) to prevent
coagulation and treated withammonium-chloride-potassium (ACK)
buffer (Lonza) tolyse red blood cells. For lymph node samples, cell sus-
pensions were obtained by mechanical disassociation with disposable
micropestles (Axygen). Spleens were homogenized by filtering through
a70 um cell strainer and treated with ACK buffer. Bone marrow cells
were extracted by centrifugation of punctured tibiae and femurs at up
t010,000gfor10 s, then treated with ACK buffer. Cells from each tissue
were resuspended in PBS supplemented with 0.5% BSAand1 mM EDTA
andincubated first with FC-block (rat anti-mouse CD16/32,2.4G2, Bio
X Cell) for 30 min on ice and subsequently with various fluorescently
labelled antibodies (Supplementary Table 1) for 30 min. Cells were
filtered and washed with the same buffer before analysis on aBD FACS
Symphony cytometer. Data were analysed using FlowJo (v.10).

Westernblotting

To determine the presence of epitope-tagged antibodies in /gk™
mice, serum samples from steady state adult mice and precision plus
dual-colour protein standards (Bio-Rad) were run in triplicate on
SDS-PAGE mini-protean TGX protein gels (Bio-Rad) under denaturing
conditions, to separate heavy and light antibody chains. The samples
were transferred to a polyvinylidene difluoride membrane using the
Iblot gel transfer system (Invitrogen). Membranes were blocked for
2 hatroom temperature while gently shaking with 5% non-fat dry milk
in PBS-Tween-20 (0.05%), before overnight incubation in the same
buffer with 1:2,000 anti-Flag-HRP (D6W5B, Cell Signalling Technol-
ogy, 86861S) or anti-Strep (Strep-tag Il StrepMAB-Classic, Bio-Rad,
MCA2489P) or goat anti-mouse Igk-HRP (Southern Biotech, 1050-05).
Membranes were extensively washed with PBS-Tween-20 and subse-
quently incubated with western blotting ECL substrate (Amersham)
before chemiluminescence detection using the Azure c300 gelimager
(Azure Biosystems).

ELISA

ELISAs were performed as described previously?, with specific
modifications to allow for direct Flag/Strep comparison. Flag/Strep
ELISAs were performed side by side and with internal standards on
each 96-well plate. To detect antigen-specific serum antibody titres,
the plates were coated overnight at 4 °Cwith antigenin PBS (10 pg mI™*
for TNP,-BSA, 2 ug ml™ for in-house-conjugated TNP,,;;-BSA (see
above), and 1 ug ml™ for HAs and SARS-CoV-2 spike or RBD proteins
(Sinobiological, 40592-VO8H, 40592-VO8H121,40589-VO8H26; WH1S
and RBD proteins were a gift from P. Wilson)). For Flag/Strep stand-
ard curves, wells were coated with 10 pg ml™ purified IgY (Gallus
Immunotech). After washing with PBS-Tween (PBS + 0.05% Tween-20,
Sigma-Aldrich), plates were blocked for 2 h at room temperature
with 2.5% BSA in PBS. Serum samples were diluted 1:100 in PBS and
serially titrated in threefold dilutions. Mouse anti-IgY mAb-Flag or
mADb-Strep were also serially titrated in threefold dilutions (Extended
DataFig.2d). The samples were incubated for 2 h and then washed with
PBS-Tween, before adding one of the following HRP-detection antibod-
ies: goat anti-mouse IgG (Jackson Immunoresearch, 15-035-071), rat
anti-mouse Igk (Abcam, ab99632), goat anti-mouse IgM (Southern
Biotech,1020-05), rabbit anti-Flag-HRP (D6W5B) or mouse anti-Strep
(Strep-tag Il StrepMAB-Classic) for 30-45 min. Dilutions of anti-Flag
and anti-Strep antibodies were defined so that the curves generated
by titration of Flag- and Strep-tagged monoclonal antibodies were
equivalent (Extended Data Fig. 2d). After washing with PBS-Tween,
samples wereincubated with 3,3’,5,5’-tetramethylbenzidine substrate
(slow kinetic form, Sigma-Aldrich) and the reaction was stopped with

1NHCI. Optical density (OD) absorbance was measured at 450 nmon
the Fisher Scientific accuSkan FC plate reader. To normalize Flag and
Strep end-point titres, the serumtitre dilution was calculated at which
eachsample passed the threshold OD value of its respective monoclonal
antibody at a fixed concentration of either 20 or 6.67 ng ul™. Titres were
calculated by logarithmicinterpolation of the dilutions with readings
immediately above and immediately below the monoclonal antibody
OD used*®.

Fortotal serum IgG ELISAs, plates were coated with anti-mouse IgG.
Standard curves were generated using unlabelled mouse IgG (Southern
Biotech, 0107-01), and detection was performed using anti-mouse
IgG-HRP (Southern Biotech). To deplete IgM from the serum samples,
anti-mouse IgM agarose beads (Sigma-Aldrich, A4540) were used
accordingtothe manufacturer’sinstructions. Beads were washed with
PBS and samples were incubated ataratio of 1:20 sample to beads over-
nightat4 °Cwithrotation. The bead-bound IgM fraction was removed
by centrifugation for 3 minat10,000g, and the unbound supernatant
fraction was used for subsequent ELISAs. To confirm the efficiency of
IgM depletion, total IgM levels were measured as described above for
total IgG, with goat anti-mouse IgM, unlabelled IgM and anti-mouse
IgM-HRP (Southern Biotech).

Serum fractionation and SARS-CoV-2 pseudoneutralization
assay

Virus neutralizationtitres were assessed in the Flag' versus Strep* serum
fractions of samples collected from SmRNA-LNPimmunized SIpr2-igk’
mice. To separate fractions, immunoprecipitation with anti-Flag M2
magnetic beads (Sigma-Aldrich, M8823-5ML) and MagStrep type 3 XT
beads (IBA,2-4090-010) was performed according to the manufacturer’s
instructions. In brief, magnetic beads were washed with sample buffer
(Tris-buffered saline for Flag beads, and 1x buffer W (IBA, 2-1003-100) for
MagStrep beads) and the samples were incubated ataratio of 20:1sample
tobeadresinovernightat4 °Cwith rotation. Bead-bound fractions were
separated using amagnetic separator and discarded, while the unbound
fraction was collected. Fractionated samples were concentrated by
centrifugationto halftheinput concentrationand heatinactivated. The
degree to which the total and fractionated serum samples neutralized
WHI1 and BA.1SARS-CoV-2 was approximated using SARS-CoV-2 spike
pseudotyped HIV-1based NanoLuc luciferase reporter assay described
previously?. Inbrief, serum samples were five-fold serially diluted with
afinal top dilution of 1:00 serum and incubated for 1 h at 37 °C with
SARS-CoV-2WHI1or BA.1spike pseudotyped HIV-1reporter virus and then
transferred toHT1080/ACE2.cl14 cells®. At48 h, the cellswere washed and
lysed and theluciferase activity was measured using the Nano-Glo Lucif-
erase Assay System (Promega) and the Glomax Navigator luminometer
(Promega). Therelative luminescence units were normalized using cells
infected in the absence of serum and then plotted in GraphPad Prism.
NT,, values were calculated using four-parameter nonlinear regres-
sion (least squares regression method without weighting) of the curves
shown in Extended Data Fig. 5b. The mean of two technical duplicates
isshown, outlier points were excluded. For NTs, comparisons between
the input and fractions (Fig. 4g and Extended Data Fig. 5¢c), the NTs,
ofthefractionated samples was adjusted to equalize the BA.IRBD ELISA
titre of the undepleted tag compared to its corresponding ELISA titre
intheinput fraction.

Deep mutational scanning

Construction of yeast-displayed deep mutational scanning librar-
ies of Omicron BA.1 RBD. Duplicate single-mutant site-saturation
variant libraries were designed in the background of the SARS-CoV-2
OmicronBA.1spike RBD and produced by Twist Bioscience, essentially
the same as has been done previously for other SARS-CoV-2 variants®®¢.,
The GenBank map of the plasmid encoding the unmutated Omicron
BA.1RBD in the yeast-display vector is available at GitHub (https://
github.com/jbloomlab/SARS-CoV-2-RBD_DMS_Omicron/blob/main/
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data/3294 pETcon-SARS2-RBD_Omicron-BAl.gb). The site-saturation
variant libraries were delivered as double-stranded DNA fragments
by Twist Bioscience and were barcoded and cloned in bulk into the
yeast-display vector backbone. The barcoded mutant library plasmid
DNA was electroporated into Escherichia coli (NEB 10-beta electro-
competent cells, New England BioLabs, C3020K), and bottlenecked to
around1x 10° CFU (an average of >25 barcodes per single mutant). Plas-
mid DNA was purified and transformed into the AWY101 yeast strain.
Sixteen-nucleotide barcodes were associated with their BA.1variants
by PacBiosequencing, and the effects of mutations of RBD expression
and ACE2 binding were measured, essentially as described®'. These
experiments are described and analysed at GitHub (https://github.
com/jbloomlab/SARS-CoV-2-RBD_DMS_Omicron).

FACS sorting of yeast libraries to select mutations with reduced
binding by polyclonal sera from immunized mice. Experiments map-
ping mutations that reduce RBD binding of sera from immunized mice
were performedin biological duplicate withindependent mutant WH1
orBA.1RBDlibraries, similarly to as previously described for monoclo-
nal antibodies®* and human polyclonal plasma samples®, First, 75 pl
of each of the sera was twice-depleted of non-specific yeast-binding
antibodies by incubating for 2 h at room temperature or overnight at
4 °Cwith37.5 OD units of AWY101yeast containing an empty vector, as
described previously®>. WH1and BA.1 mutant RBD yeast libraries® were
induced with galactose-containing, low-dextrose synthetic defined
medium with casamino acids (SD-CAA, 6.7 g1 yeast nitrogen base,
5.0 gl casaminoacids,1.065 g 1" MES acid and 2% (w/v) galactose + 0.1%
(w/v) dextrose) to express RBD, then washed and incubated with diluted
serum for 1 h at room temperature with gentle agitation. Each tested
combination of mouse serum against each WH1 or BA.1 RBD mutant
library for loss of binding of Strep or Flag-tag antibodies was performed
independently. For each serum, asubsaturating dilutionwas used such
that theamount of fluorescent signal due to serum antibody binding to
RBD was approximately equal across samples (1:1,000 for mapping of
Strep antibodies against the WH1libraries; 1:200 for mapping of Strep
antibodies against the BA.1libraries; and 1:50 for mapping of the Flag
antibodies againstthe BA.1libraries). The yeast libraries were then sec-
ondarily labelled for 1 hwith1:100 FITC-conjugated anti-MYC antibodies
(Immunology Consultants Lab, CYMC-45F) to label for RBD expres-
sionand either1:200 APC-conjugated Streptavidin (Invitrogen S-868)
to label for bound Strep antibodies or APC-conjugated rat anti-Flag
(BioLegend, 637308) to label for bound Flag-tagged antibodies. A flow
cytometry selection gate was drawn to capture RBD mutants with re-
duced antibody binding for their degree of RBD expression. For each
sample, around 4 x 10° cells were processed on the BD FACSAria Il cell
sorter. Serum-escaped cells were grown overnightin SD-CAA as defined
above with 2% (w/v) dextrose, no galactose, and 100 U ml™ penicillin +
100 pg ml™ streptomycin to expand cells before plasmid extraction.

DNA extraction and Illumina sequencing. Plasmid DNA was extracted
from30 OD units (1.6 x 10® colony-forming units (CFU)) of preselection
yeast populations and approximately 5 OD units (around 3.2 x 10’ CFU)
of overnight cultures of serum-escaped cells (Zymoprep Yeast Plasmid
Miniprep Il) as previously described®®%, The 16-nucleotide barcodes
identifying each WH1or BA.1RBD variant were amplified by polymer-
ase chainreactionand prepared for lllumina sequencing as described
previously®®®2, Barcodes were sequenced on the Illlumina NextSeq 2000
system with 50 bp single-end reads.

Analysis of deep sequencing data to compute each mutation’s es-
cape fraction. Escape fractions were computed essentially as described
previously®’. We used the dms_variants package (https://jbloomlab.
github.io/dms_variants/, v.1.4.0) to count each barcoded RBD variantin
each preselectionand serum-escape population. For each selection, we
computed the escape fraction for each barcoded variant by the formula

providedinref.®. These escape fractions represent the estimated frac-
tion of cells expressing that specific variant that falls in the escape
bin, such that a value of 0 means the variant is always bound by serum
and a value of 1 means that it always escapes serum binding. We then
applied a computational filter to remove variants with >1 amino-acid
mutation, low sequencing counts (<50 in the preselection condition)
or highly deleterious mutations that might cause antibody escape
simply by leading to poor expression of properly folded RBD on the
yeast cell surface (an ACE2 binding score of <=2 or an RBD expression
score of <-1.25 or <-0.83361 for the WH1 and BA.1 mutant libraries,
respectively, reflecting the different baseline expression levels of the
two wild-type RBDs). The reported antibody-escape scores throughout
the paper arethe average across duplicate libraries; these scores are also
in Supplementary Table 1. Correlations in final single-mutant escape
scores are shown in Extended Data Fig. 6c. Full documentation of the
computational analysis is available at GitHub (https://github.com/
jbloomlab/SARS-CoV-2-RBD_MAP_OAS).

Data visualization. The serum-escape map logo and line plots were
created using the dmslogo package (https://jbloomlab.github.io/
dmslogo, v.0.6.2). The height of each letter indicates the escape frac-
tion for that amino-acid mutation. For each serum, the logo plots fea-
ture any site where for >1library/antibody tag condition, the site-total
antibody escape was >10x the median across all sites and at least 10%
the maximum of any site. For each sample, the y axis was scaled to
be the greatest of (1) the maximum site-wise escape metric observed
for that sample or (2) 20x the median site-wise escape fraction ob-
served across all sites for that plasma. The code that generates these
logo plot visualizations is available at GitHub (https://github.com/
jbloomlab/SARS-CoV-2-RBD_MAP_OAS/blob/main/results/summary/
escape_profiles.md). To visualize serum escape on the RBD structure,
the WH1RBD surface (PDB: 6M0J) was coloured by the site-wise escape
metric at eachssite, with white indicating no escape and red indicating
the site with the most escape.

Statistical analysis and software

Statistical tests used to compare conditions are indicated in figure
legends. No statistical methods were used to determine the sample
size. Statistical analysis was carried out using GraphPad Prism v.9. Flow
cytometry analysis was carried out using FlowJo (v.10). Graphs were
plotted using Prism (v.9) and edited for appearance using Adobe Illus-
trator CS. For data plotted on logarithmic scales (such as serum anti-
body titres), statistical analysis was performed on the log-transformed
data. Samples with reactivities below the limit of detection were
assigned a value of 100, as the top dilution was 1:100.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The raw lllumina reads of the 16-nucleotide variant barcodes from
the deep mutational scanning experiments are available at the NCBI
SRA under BioProject PRINA770094, BioSample SAMN30086726. All
escape scores are shownin Supplementary Table1and are available at
GitHub (https://github.com/jbloomlab/SARS-CoV-2-RBD_MAP_OAS/
blob/main/results/supp_data/all_raw_data.csv). Renderings of spike
RBD and HA structures were obtained from the PDB under accession
codes 6M0J, 1IRU7 and 3LZG.

Code availability

The full code used to analyse the deep mutational scanning experi-
ments is available at GitHub (https://github.com/jbloomlab/
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SARS-CoV-2-RBD_MAP_OAS). The code to generate the logo plot visuali-
zationsisavailableat GitHub (https://github.com/jbloomlab/SARS-CoV-
2-RBD_MAP_OAS/blob/main/results/summary/escape_profiles.md).
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001 GACCAAGGACGAGTATGAACGACATAACAGCTATACCTGTGAGGCCACTCACAAGACATCAACTTCACCCATTGTC 076
T K D E Y E R HN S Y TCEA AT HI KT S T S P I V

077 BAAGAGCTTCAACAGGAATGAGIGTATAACTTCGTATAGCATACATTATACGAAGTTATCGGGTGGCGACTACARA 151
KUSUENNURUNWENCY I T S Y S I H Y T K L IENCECEIDEEEN

152 GACGATGACGACAAGTAGTGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAAT 226
D DDDK * * *

227 GCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACA 301
302 ACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGGAGGTTTTTTAATAACTTCGTATAGCATACA 376
I T S Y S I H

377 TTATACGAAGTTATCGGGTGGCTGGAGCCACCCTCAGTTTGAGAAGTAGAGACAAAGGTTCTGAGACGCCACCAC 451
Y T K L EECECETNSINENPONEINENRY

452 CAGCTCCCCAGCTCCATCCTATCTTCCCTTCTAAGGTCTTGGAGGCTTCCCCACAAGCGACCTACCACTGT 522

Homology arm LoxP site SV40 PolyA C-kappa [ifike#l [FLAG=Etag Strep=tagl

Extended DataFig.1|Design ofthe K-tagallele. Nucleotide sequence of given foreachline. Aminoacid translationis positioned below the centre
the 522 bp DNA template used to generate the Igk™ allele, with amino acid nucleotide of each codon.
translations given for all coding sequences (bold font). Nucleotide numbers are
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Extended DataFig.2|Characterization ofthe K-tag system. (a) Representative
flow cytometry plots of peripheral B cells (gated: B220*CD4 CD8 CD138")
obtained fromthe blood of WT and /gk™#'™¢ mice, stained for surface expression
oflgAhand FLAG-tagged immunoglobulins. (b) Total IgG concentrationin the
serum of WT, [gk™&/™8, and Cd79a“"". Igk™¢'™¢ mice as determined by ELISA.
Differences were not significant by one-way ANOVA (p < 0.05). (c) Flow cytometry
of steady-state bone marrow plasmacells (PCs) obtained from adult (6-week
old) Igk™A%/SteP mice. Gating strategy for PCsis shownin the left panel (pre-gated
onnon-CD4/CDS8T cells), for surface IgA*and Ig\” PCsin the middle panel,

and for FLAG/Strepin theright panel. Quantificationacross 9 mice from3
independent experimentsis shownin the rightmost panel (each dot represents
anindividual Igk™**/S" mouse, line represents the median). (d) ELISA standard
curves with monoclonal antibody (mAb)-FLAG and mAb-Strep detected at
dilutions of the respective HRP antibodies where the curves overlap. The mAb
concentration at which the curves crossed the absorbance background

threshold (indicated by the dotted lines) was used to calculate the endpoint
titre, asdescribed in the methods section. (e) Tag-specific anti-TNP titresin
Igk™A¢/5P mice immunized and boostedi.p. with TNP-KLH/alum at the
timepointsindicated by black arrows. Results are from 14 mice from
2independent experiments. The day 7 timepoint was not collected for the
firstcohort. Thinlines represent individual mice, thick lines link medians of log
transformed titre values at each time point. (f) Flow cytometry of S1pr2-/gk""/™e
miceasinFig.1d,e. with quantificationin (g), cre”and no tamoxifen control
groupsareincluded. Data points are from 6—13 popliteal lymph nodes per
group fromatleast 2independent experiments. (h) Anti-TNP ELISAreactivity
for S1pr2-Igk™&/™e mice immunized asin Fig.1d. Serum was obtained at 47 d.p.i
from 6 mice that received tamoxifen and 4 that did not receive tamoxifen. 1gG
(left), FLAG (middle) and Strep (right) ELISA absorbance is shown. Samples
werediluted1:100.
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Extended DataFig. 3 |Recall antibodies and GCs. (a) Flow cytometry of
secondary GCsinthe spleen of 3TNP-KLH i.p. primed and boosted S1pr2-/gk™&/™
mice, with tamoxifenlabellingat4,8,and12d.p.i.. Gated on GCB cells
(FAS'CD38°B220°CD4 CD8 CD138") expressing FLAG or Strep-tag asin Fig. le.
(b) Total IgM concentrations of serum samples pre and postIgM-depletion via
immunoprecipitation, measured by ELISA. Data are from 8 serum samples,
fromthesame 4 mice asinFig.2c. (c) Tag-specific anti-TNP titres before and
afterIgM depletion for samples collected 6 days after the firstand second
boost with TNP-KLH (same samples asin (b) and Fig. 2c). Bars represent the
meansoflog transformed titres and the error bars are SEM. P-values are for
two-tailed, paired T-test, only statistically significant (p < 0.05) values are
shown. (d) Background Strep* anti-RBD titres in S1pr2-/gk™&/™& control mice
immunized asin Fig.2b,e, but not treated with tamoxifen. Graphs show median

percentage of the anti-RBD titre thatis Strep” ((S/(S + F)*100)) in the absence of
tamoxifen at the pre-boost time pointand two weeks after the second and third
immunizations. This represents the median percentage by which FLAG" titres
inrecallresponsesarelikely to be underestimated by spontaneous recombination
by the S1pr2-CreERT2driver. Data are from 8 mice from 2 independent
experiments. (e) Comparison of primary addiction datashownin Fig. 2e,f,
stratified by cohortand ipsilateral versus contralateral boost. The 4" cohort of
miceis the homologously boosted group shownin Fig.4b—e, depicted here by
opencircles. Barsrepresent the mean of log transformed titres, error bars are
SEM. Dataare from16 mice from 4 independent cohorts. (f) Comparison of
primary addiction between 3" and 4" responsesin 9 mice from 2 cohorts,
based ondatafromFig. 2e,f,h. Bars represent the mean of log transformed
titres, error barsare SEM.
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Extended DataFig.4 |Primary cohortrecallupon heterologous HA protein
boosting. (a) Comparison of denovo FLAG" antibody responses to HA;, in

the presence orabsence of primaryinfection with influenza virus PR8.
PR8>FM1>FM1data are for the same samples asin Fig. 3d, re-measuredin the
same assay as @>FM1>FML. (b) Schematic representation of HA prime-boost
strategy. S1pr2-/gk™¢'™¢ mice were primedi.p. with HAyssin alhydrogel and
boosted homologously or heterologously with HAyg, 0r HAg0 in alhydrogel as
indicated. (c) Full time course of anti-HA tag-specific ELISA reactivity (optical
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density at1:100 dilution) of the same mice shown in Fig. 3f. Anti-HA\yos (top),
HAycoo (Middle) and HA,0 (bottom) ELISAs are shown, with Strep (left) and
FLAG (right) detection. (d) Relationship between primary addictionand
antigenic distance for infection and immunization experiments. Graph
compiles primary addictionindices from Fig.3d and 3g. Bars are ordered by
aminoacid identity between the priming and boosting HAs. P-values are for
one-way ANOVA, with % identity asa categorical variable, or Pearson
correlation, with (100 - % identity) as alinear variable.
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Extended DataFig.5|Neutralization of WH1and BA.1 pseudoviruses by
serum antibody fractions from BA.1boosted mice. (a) Efficiency of serum
fractionationinto FLAG and Strep-depleted fractions, as measured by anti-
RBD ELISA of input vs. post-depletion samples. Serum was obtained from
heterologously immunized mice two weeks after the 3" immunization, Fig. 4d
(8 micefrom2independent experiments). (b) Neutralization of WH1 (left) and
BA.1(right) SARS-CoV-2 S-expressing pseudotyped HIV-1virus by serum
fractionsshownin (a). Mean values of technical duplicates are shown. (c) WH1S
pseudovirus NT50 titres for samplesin (b). Post-depletion NT50s were
normalized toinputserum based onthe BA.1RBD ELISA titres (a), by applying a
correction equalizing the anti-RBD Strep-titre of the FLAG-depleted fraction to
theinput, and the anti-RBD FLAG-titre of the Strep-depleted fraction to the
input. P-values are for one-tailed paired T test. FC, fold-change. (d) Estimating

the contribution of de novo vs. memory-derived antibodies to excess BA.1
neutralization by the WBB regimen. The contribution of secondary affinity
maturation or preferential selection of crossreactive memory B cells by BA.1
boosting, AS, is calculated as the difference between Strep” WBB and total
WWW BA.1neutralization titres (thelatter are assumed tobeall FLAG*). The
contribution of BA.1-specific antibodies induced de novo by BA.1boosting, F, is
givenasthe FLAG' WBBtitre. Percent contribution of Fto theimproved BA.1
neutralizationin WBB is calculated as (F/(F + AS))*100. Bars and dotted lines
represent the medians for each condition, which were used to calculate Fand
AS.Theupperdottedline (4.) represents the median neutralization of total
WBB antibodies and is shown for reference purposes only. Dataingroups1and
4arereproduced from Fig.4b, dataingroup 2and 3 from Fig. 4h.
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Extended DataFig.7 | RBD serum-escape logo plots. Deep mutational
scanning results of serum collected from 4 heterologously immunized mice,
2weeks after the 3™ dose (Fig. 4d). Each mutation’s “escape fraction” was
measured, which ranges from O (no cells effect on antibody binding) to1

(all cells with the mutation have decreased antibody binding). Mouse 4 is not
showninthe main textas there were nointerpretable peaksinantibody binding

toBA.1libraries for either antibody fraction. Logo plots show the antibody-
escape fractions forindividual amino-acid mutations at key sites of strong
escape.Sitesinwhich BA.1differs from the WH1sequence areshownin purple
font. Allescape scores are shownin Supplementary Table1and are available
onlineat https://github.com/jbloomlab/SARS-CoV-2-RBD_MAP_OAS/blob/
main/results/supp_data/all_raw_data.csv.
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Software and code

Policy information about availability of computer code

Data collection  Data collection code was not used in this study

Data analysis Analysis of deep sequencing data is detailed in the methods section.
We used the dms_variants package (https://jbloomlab.github.io/dms_variants/, version 1.4.0) to count each barcoded RBD variant in each
pre-selection and serum-escape population.
Full documentation of the computational analysis is at https://github.com/jbloomlab/SARS-CoV-2-RBD_MAP_OAS.

The serum-escape map logo and line plots were created using the dmslogo package (https://jbloomlab.github.io/dmslogo, version 0.6.2). The
code that generates these logo plot visualizations is available at https://github.com/jbloomlab/SARS-CoV-2-RBD_MAP_OAS/blob/main/
results/summary/escape_profiles.md. To visualize serum escape on the RBD structure, the WH1 RBD surface (PDB 6M0J) was colored by the
site-wise escape metric at each site, with white indicating no escape and red indicating the site with the most escape.

Graphs were plotted using Prism v.9, and edited for appearance using Adobe Illustrator 27.1.1. Statistical tests were performed in Prism v.9.
Flow cytometry data was analyzed using FlowJo v10.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Renderings of Spike RBD and hemagglutinin structures were obtained from the Protein Data Bank (PDB), with accession codes PDB: 6MOJ (https://www.rcsb.org/
structure/6m0j), PDB: 1RU7 (https://www.rcsb.org/structure/1RU7), PDB: 3LZG (https://www.rcsb.org/structure/3LZG).

The raw Illlumina reads of the 16-nucleotide variant barcodes from the deep mutational scanning experiments are available on the NCBI SRA under BioProject
PRINA770094, BioSample SAMN30086726. All escape scores are shown in Supplemental Spreadsheet 1 and are available online at https://github.com/jbloomlab/
SARS-CoV-2-RBD_MAP_OAS/blob/main/results/supp_data/all_raw_data.csv.

Code availability

The full code that analyzes the deep mutational scanning experiments is available at https://github.com/jbloomlab/SARS-CoV-2-RBD_MAP_OAS. The code that
generates the logo plot visualizations is available at https://github.com/jbloomlab/SARS-CoV-2-RBD_MAP_OAS/blob/main/results/summary/escape_profiles.md.
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Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size No statistical methods were used to determine sample size. Numbers of mice per group within each independent experiment were limited to
numbers typically used in the field.

Data exclusions  For pseudovirus neutralization curves, the mean of two technical duplicates is shown, gross outlier points likely resulting from experimental
error were excluded as mentioned in the methods. For the HA NY'95 boosting experiment (Fig. 3f), one homologously-boosted mouse was

excluded based on lack of evidence of proper serum fate-mapping.

Replication Experiments were performed multiple times independently, as described in the figure legends. In some cases, results were stratified by cohort
to show the consistency of results (Extended Data Fig. 3e).

Randomization  Littermate mice were divided stochastically between experimental groups to control for litter, cage, and age effects.

Blinding Experimenters were not blinded to experimental group.

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
c
S
3
Q
<L




Behavioural & social sciences study design

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

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

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

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? D Yes IXI No
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Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.
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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
Involved in the study n/a | Involved in the study
|X| Antibodies |X| |:| ChiIP-seq
Eukaryotic cell lines |:| |X| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

X
0
X
0

XXOXOOS

[ ] Dual use research of concern

Antibodies

Antibodies used . B220-BV785, Biolegend Cat# 103246, clone RA3-6B2

. CD4-V500, BD Biosciences Cat# 560782, clone RM4-5

. CD8a-V500, BD Biosciences Cat# 560776, clone 53-6.7
CD38-APC, eBioscience Cat# 17-0381-82, clone 17-0381-82

. Fas/CD95-PE/Cy7, BD Biosciences Cat# 557653, clone Jo2

. CD138-BV650, Biolegend Cat# 142517, clone 281-2

. FLAG (DYKDDDDK)-APC, Biolegend Cat# 637308, clone L5

. FLAG (DYKDDDDK)-BV421, Biolegend Cat# 637322, clone L5

. Strep-FITC, LS Bio Cat# LS-C203631-100, clone SA9F9

. lglambda-BV421, BD Biosciences Cat# 744523, clone R26-46

. lglambda-FITC, BD Biosciences Cat# 553434, clone R26-46

. IgA-PE, eBioscience Cat# 12-4204-82, clone mA-6E1

. IgM-APC-eFluor 780, eBioscience Cat# 47-5790-82, clone I1/41
. IgM-PE/Cy7, eBioscience Cat# 25-5790-81, clone II/41

. CD16/32-NA, Bio X Cell Cat# BE0307, clone 2.4G2

. MYC-FITC, Immunology Consultants Lab Cat#f CYMC-45F, polyclonal
. Streptavidin-APC, Invitrogen Cat# S-868
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Validation All antibodies validated on the manufacturers website, see:
1. https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-human-cd45r-b220-antibody-79607?
GrouplD=GROUP658
2. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/v500-rat-anti-mouse-cd4.560782
3. https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/v500-rat-anti-mouse-cd8a.560776
4. https://www.thermofisher.com/antibody/product/CD38-Antibody-clone-90-Monoclonal/17-0381-82
5. https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/pe-cy-7-hamster-anti-mouse-cd95.557653
6. https://www.biolegend.com/en-us/products/brilliant-violet-650-anti-mouse-cd138-syndecan-1-antibody-8800?GrouplD=BLG9623
7. https://www.biolegend.com/en-us/products/apc-anti-dykddddk-tag-antibody-8099?Group|D=GROUP26
8. https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-dykddddk-tag-antibody-16139
9. https://www.lIsbio.com/antibodies/strep-tag-ii-antibody-clone-5a9f9-fitc-flow-icc-if-immunofluorescence-Is-c203631/211887
10. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/bv421-rat-anti-mouse-ig-1-2-3-light-chain.744523
11. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-




ruo/fitc-rat-anti-mouse-ig-1-2-3-light-chain.553434

12. https://www.thermofisher.com/antibody/product/IgA-Antibody-clone-mA-6E1-Monoclonal/12-4204-82
13. https://www.thermofisher.com/antibody/product/IgM-Antibody-clone-lI-41-Monoclonal/47-5790-82
14. https://www.thermofisher.com/antibody/product/IgM-Antibody-clone-lI-41-Monoclonal/25-5790-82
15. https://bioxcell.com/invivoplus-anti-mouse-cd16-cd32-bp0307

16. https://www.icllab.com/anti-c-myc-antibody-chicken-fitc-conjugated-cmyc-45f.html

17. https://www.thermofisher.com/order/catalog/product/S868

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293F cell line was used for antibody production. Obtained from Thermo Fisher Scientific Cat# R79007.

Authentication Since the cell lines were only used for protein production (which was confirmed as successful), no further authentication was
performed.

Mycoplasma contamination Cell lines tested negative for mycoplasma.
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Commonly misidentified lines No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 6-12 week old adult male and female mice on the C57BL/6J background were used. See 'mice' section in the methods for further
details. Mice were housed at 72 °F and 30-70% humidity in a 12-h light/dark cycle with ad libitum access to food and water.

Wild animals The study did not involve wild animals.
Reporting on sex Both sexes of mice were used throughout the study. No significant differences were noted between sexes.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All mouse procedures were approved by the Rockefeller University’s Institutional Animal Care and Use Committee

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

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| 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).
|X| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation For flow cytometry of peripheral B cells, blood was collected in microtubes with EDTA to prevent coagulation and treated
with ACK buffer to lyse red-blood cells. For lymph node samples, cell suspensions were obtained by mechanical disassociation
with disposable micropestles. Spleens were homogenized by filtering through a 70-um cell strainer and treated with ACK
buffer. Bone-marrow cells were extracted by centrifugation of punctured tibiae and femurs at up to 10,000 xG for 10 s, then
treated with ACK buffer. Cells from each tissue were resuspended in PBS supplemented with 0.5% BSA and 1 mM EDTA.

Instrument BD FACS Symphony cytometer
Software FlowJo v.10 software
Cell population abundance No cell sorting was performed except of yeast libraries for deep mutational scanning, as detailed in the methods section and

shown in Extended Data Fig. 6.

Gating strategy See figures and legends for detailed description. In brief, we gated on single lymphocytes using forward and side scatter. T
cells as defined by CD4 and CD8 expression were first gated out. B cells were then defined as B220+CD138—, whereas plasma
cells where defined as B220low, CD138high (see Extended Data Fig. 2c). GC B cells were gated as FAS+CD38- as shown in Fig.
le and Extended Data Fig. 2f. For bone marrow, plasma cells were gated as IgA+ and IgL—as in Extended Data Fig. 2c. FLAG




and Strep-tag gating is shown in Fig. 1b,e and Extended Data Fig. 2a,c,f. Gating strategies for yeast library sorting are detailed
in Extended Data Fig. 6.

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