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B cells are frequently found in the margins of solid tumours as organized follicles in
ectopic lymphoid organs called tertiary lymphoid structures (TLS)". Although TLS
have been found to correlate with improved patient survival and response toimmune
checkpointblockade (ICB), the underlying mechanisms of this association remain
elusive'?. Here we investigate lung-resident B cell responses in patients from the
TRACERX 421 (Tracking Non-Small-Cell Lung Cancer Evolution Through Therapy)
and other lung cancer cohorts, and inarecently established immunogenic mouse
model for lung adenocarcinoma®. We find that both human and mouse lung
adenocarcinomas elicit local germinal centre responses and tumour-binding
antibodies, and further identify endogenous retrovirus (ERV) envelope glycoproteins
asadominantanti-tumour antibody target. ERV-targeting B cell responses are
amplified by ICB in both humans and mice, and by targeted inhibition of KRAS(G12C)
inthe mouse model. ERV-reactive antibodies exert anti-tumour activity that extends
survivalin the mouse model, and ERV expression predicts the outcome of ICBin
human lung adenocarcinoma. Finally, we find that effective immunotherapyin the
mouse model requires CXCL13-dependent TLS formation. Conversely, therapeutic
CXCL13 treatment potentiates anti-tumour immunity and synergizes with ICB. Our
findings provide a possible mechanistic basis for the association of TLS with
immunotherapy response.

Lung cancer remains the leading cause of cancer-related deaths
worldwide, despite major advances in targeted therapies and immu-
notherapies. Predicting responses to immune checkpoint blockade
(ICB) remains a challenge, with 70% of patients failing to respond
despite high mutational burden*. Recent studies have identified ter-
tiary lymphoid structures (TLS), ectopic lymphoid organs containing
B and T cells in the tumour-adjacent stroma, as strong predictors of
ICB response in several cancer types'?, including in lung adenocar-
cinoma (LUAD)>¢, where their presence and density independently
correlate with longer overall and recurrence-free survival**. How-
ever, cause-and-effect relationships of the associations between
TLS, patient survival andimmunotherapy response have not yet been
established*

TLS contain structures that resemble germinal centres (GCs)
found in lymphoid organs, where B cells iteratively mutate their

B cellreceptors (BCRs) with help from T follicular helper (Tg,) cells, in
aprocess thatincreases the affinity of the antibody response’. GCs are
dependent onthe CXCL13-CXCRS5 chemokine axis for organization of
B cellfollicles,and we and others have identified CXCL13 as a predictor
of ICB response®°. While the mechanisms by which TLS improve ICB
response remain incompletely understood, the requirement for an
active GC reaction implies the contribution of anti-tumour antibod-
ies. Anti-tumour antibodies are frequently induced in multiple cancer
types, targeting bothiinternaland tumour cell-surface antigens. These
tumour-associated antigens (TAAs) include non-mutated differentia-
tionantigens and shared tumour antigens, as well as antigens derived
from endogenous retroviruses (ERVs)™. Although such non-mutated
antigens are effectively autoantigens, their low expressionin healthy
tissues and upregulationin the altered epigenetic landscape of cancer
resultin incomplete immunological tolerance and immunogenicity
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Fig.1|Bcellresponsesinmouse LUAD. a,Immunostaining of B220 (B cells),
CD3 (T cells) and TTF1 (tumour cells) inlungs from mice bearing KPAR tumours
(scalebars, 500 pm). Representative images of five mice. b, B220 and CD3
immunofluorescence and DAPI stainingin KPAR tumour-bearing lungs (scale
bars,20 pm). Representative images of six mice. ¢, Quantification of PNA*
mature TLS and GCs by histochemistry in KPB6 (n =10) and KPAR (n = 4) tumour-
bearinglunglobes.d, Flow cytometry quantification of B220°GL7*CD95" GC
Bcellsand TCRB*CD4'PD-1'CXCRS* Ty, cells in naive and KPAR tumour-
bearinglungs (n =12 mice per group from three experiments). e, Time-course
quantification by flow cytometry of B220*EYFP* and Ty, cellsin KPAR lungs and
draining lymph nodes (dLNs) from Aicda““*™Rosa26""*"*" mice (n = 6 mice per
time point from one experiment). f, Time-course quantification of KPAR-
binding IgM, IgG and IgA from KPAR serum (n = 6). Dashed lines denote the mean
stainingintensity of naive serum. MFI, mean fluorescence intensity. g, Survival

in cancer, respectively™. The immunogenicity of cancer-associated
ERV antigens has been instrumental in the discovery of this class of
TAAs, aswell as of infectious retroviruses produced by mouse cancer
cells over three decades ago™ ™, but the consequence or protective
capacity of B cell response to this or other TAA classes has not been
fully delineated.

Here we evaluate the contribution of TLS, B cells and anti-tumour
antibodies to immune protection from treatment-naive and
immunotherapy-treated LUAD in patients and immunotherapy- and
targeted therapy-treated LUAD inanew mouse model’and uncover an
importantrole for lung-resident B cell responses against ERV envelope
glycoproteins.

B cell responsesin anew LUAD model

To study the role of B cells and TLS in tumour progression and ther-
apy response, we used a newly established LUAD model based on
transplantation and orthotopic growth of KPAR cells, derived from
a Krast:°22* Trp53/4 (KP) background?. Immunofluorescence stain-
ingshowed B220" B cell aggregates around KPAR lung tumour edges,
while CD3" T cells infiltrated into tumour masses (Fig. 1a). Perivascu-
lar mature TLS were found in the proximity of KPAR tumours, with
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of KPAR recipient mice treated with pooled serum from KPAR tumour-

bearing or naive donor mice (n =12 mice per group from two experiments).

h, Representative images (scale bars, 50 pm) and quantification of intratumoural
NCR1"NKcellsinKPAR recipients that were untreated or treated with naive or
KPAR serum (n =8 mice per group from two experiments). i, Flow cytometry
quantification of NK1.1'CD16" NK cellsin lungs of KPAR recipients that were
untreated or treated with naive or KPAR serum (n = 6 mice per group).j, Survival
of KPAR recipient mice treated with naive serum (n=14) or with KPAR serum
and anti-NK1.1(n = 6), anti-CD8 (n = 8) orisotype control (n = 14) (from two
experiments). Datainc-f h,iarerepresented as mean +s.e.m. Pvalues were
calculated by two-sided Mann-Whitney rank-sum testin cand d (left), two-sided
Student’s ttestind (right), one-way ANOVA with Bonferroni correction for
multiple comparisonsinh,iand log-rank testing,j.

discernible segregation of T and B cell areas, the latter of which com-
prised dark and light zones based on Ki67 staining, and exhibiting
peanut agglutinin (PNA) positivity, in line with active GC responses
(Fig. 1b,c and Extended Data Fig. 1a,b). In comparison, lungs bearing
conventional non-immunogenic Trp53"/Kras*s: 2 KPB6 tumours®
contained no discernible TLS (Fig. 1c and Extended Data Fig. 1a,b).

Flow cytometry in lungs bearing KPAR tumours showed marked
elevation of B220"GL7°CD95" GCB cellsand of TCR3*CD4'PD-1'CXCR5"
Tey cells, which correlated with GC B cell levels (Fig. 1d and Extended
Data Fig. 1c). By contrast, GC B and T, cells were found at back-
ground levelsinlungs bearing KPB6 tumours (Extended Data Fig.1d).
These data demonstrate that KPAR tumours, but not KPB6 tumours,
stimulate TLS formation and a GC response, as observed in human
lung cancer’®”.

To confirm GC formation, which defines mature TLS'S, we trans-
planted KPAR cellsinto Aicda“*™Rosa26"*“*"** (AID-EYFP) mice, which
selectively fate-map GC B cells following expression of the AID enzyme.
Tamoxifen administration labelled 75-85% of B220*GL7*CD95" B cells,
as assessed by flow cytometry (Extended Data Fig. 1e). EYFP* cells
became detectable within the B220" population in tumour-bearing
lungs and draining lymph nodes at day 7 after KPAR challenge and
continued to increase in number until the endpoint, mirroring T,
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Fig.2|Anti-ERV antibodiesin mouse LUAD. a, KPAR serum and 83A25
antibody binding to mouse (B16,4T1,3LL, MC38,EL4, CTLL2) and human (A549,
HBEC) celllines. The scale denotes the specific MFlincrease over naive seraor
isotype controls. b, Quantification of M. dunni.KARV-and M. dunni-binding
IgM, IgG and IgA from KPAR serum (n = 6 mice from two experiments). Dashed
lines denote the MFl of naive sera. ¢, KPAR-binding IgG from naive or KPAR sera,
blocked with 83A25 or isotype control antibodies. Representative histograms
of fiveindependentreplicates. d, Survival of KPAR tumour-bearing mice treated
with 83A25orisotype control or untreated wild-type (WT) and Emv2” hosts
(n=6micepergroup fromone experiment). e, Survival of KPARand KPAR.
eMLV™" tumour-bearing mice (n =10 mice per group from one experiment).

f, Quantification of GCB cells, Ty, cellsand KPAR-binding IgG in KPAR and
KPAR.eMLV”" tumour-bearing mice (n =10 mice per group). g, Survival of KPAR
mice treated with anti-PD-L1 orisotype control (n =12 mice per group from two

cell kinetics (Fig. 1e). The kinetics of GC formation were additionally
confirmed using IghgI“*Rosa26"-“¥*“ mice (Extended Data Fig. 1f).

Accompanying these B cell responses, endpoint sera from KPAR-
challenged mice, but not naive or KPB6-challenged mice, contained
KPAR-binding IgG and IgA antibodies (Extended Data Fig. 2a,b).
KPAR-binding IgM antibodies peaked at day 14 following KPAR chal-
lenge and declined thereafter, whereas class-switched IgG and IgA
antibodies continued to increase in abundance in parallel with the
GCreaction (Fig. 1f).

To investigate the potential anti-tumour activity of KPAR-binding
antibodies, we transferred serum from KPAR-challenged donors to sec-
ondary KPAR-challenged recipients. Compared with naive serum, trans-
fer of KPAR serum significantly prolonged the survival of recipients
(Fig.1g). KPAR serum did not alter the survival of KPB6-challenged recip-
ients, and KPB6 serum did not affect the survival of KPAR-challenged
recipients (Extended Data Fig. 2¢,d).

The anti-tumour activity of KPAR serum was associated with sig-
nificant increases in the number of tumour-infiltrating natural killer
(NK) cells, histologically quantified by NCR1 expression (Fig. 1h),
as well as NK cells expressing CD16, the Fc receptor involved in
antibody-dependent cellular cytotoxicity (ADCC), as quantified by
flow cytometry (Fig. 1i). Supporting arole for NK cellsin mediating the
anti-tumour activity of KPAR serum, depletion of NK cellsin recipients
of KPAR serum abolished its protective effect (Fig. 1j). By contrast,
depletion of CD8' T cells had no effect in this setting (Fig. 1j). In addi-
tionto ADCC, KPAR serum also triggered complement-dependent
cytotoxicity (CDC) against KPAR cells in vitro, which was diminished
by serum heat inactivation (Extended Data Fig. 2e).

Together, these results demonstrate that KPAR tumours, but not
KPB6 tumours, induce the recruitment and activation of B cells and
the production of potent anti-tumour antibodies.
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experiments). h, Quantification of GCB cellsand Ty, cellsin lungs from KPAR
tumour-bearing mice treated with anti-PD-L1or isotype control (n =5 mice per
group).i, KPAR-binding IgM, IgG and IgA from the sera of mice treated with
anti-PD-L1orisotype control (n=5mice per group).j, Survival of recipient
KPAR-challenged mice treated with anti-PD-L1-treated KPAR serum (n = 20),
isotype-treated KPAR serum (n = 20) or naive serum (n =18) (from three
experiments). k, Frequency of BCR CDR3 clonotypesinanti-PD-L1-treated
KPAR lungs (n=3,pooled).1,J1IKK and IgA isotype binding to KPAR or

M. dunni.KARV cells. m, Survival of KPAR tumour-bearing mice treated with
JIKKIgA with (n=10) or without (n=10) anti-NK1.1,J1IKK 1gG1 with (n = 8) or
without (n=10) anti-NK1.1, or isotype control (n = 6) (from one experiment).
Datainb,fh,iarerepresented asmean +s.e.m. Pvalues were calculated by
two-sided Student’s¢testinb,fh,iandlog-ranktestind,e,g,j,m.

Anti-tumour antibodies target an ERV

To probe the specificity of anti-tumour antibodies in the KPAR model,
we first considered putative cell-surface antigens not shared by the
non-immunogenic KPB6 cells. One such class of antigen is ERVs, includ-
ing endogenous murine leukaemiavirus (MLV) envelope glycoproteins,
whichare expressed at considerably higher levelsin KPAR thanin KPB6
cells®. We found that KPAR serum specifically stained mouse cancer
cell lines known to express high levels of endogenous MLV envelope
glycoproteins®, but not those lacking such expression or human lung
cancer cell lines that also lack MLV envelope glycoproteins (Fig.2a and
Extended Data Fig. 2f).

Aswith other transplantable mouse cell lines”, the elevated expres-
sion of endogenous MLV envelope glycoproteins in KPAR cells was
probably due to the presence of MLVs with restored infectivity,
derived from the replication-defective ecotropic MLV (eMLV) provi-
rus Emv2. Indeed, we isolated an infectious MLV, which we refer to as
KPAR-associated retrovirus (KARV), by passaging KPAR supernatantin
Mus dunni cells, which became strongly reactive with the endogenous
MLV envelope-specific 83A25 antibody (Extended Data Fig.2g), as well
as with serum from KPAR tumour-bearing mice (Fig. 2b).

Todetermine the fraction of KPAR-binding antibodies that targeted
the KARV envelope glycoprotein, we pre-incubated KPAR cells with
83A25, which causes internalization specifically of endogenous MLV
envelope glycoproteins'. This treatment abolished staining with KPAR
serum (Fig.2c), establishing KARV as the predominant antibody target.

Survival of KPAR-challenged wild-type mice was significantly
extended by therapeutic treatment with 83A25, and KPAR tumour
growth was delayed in Emv2-deficient mice, which lack immuno-
logical tolerance to eMLV envelope glycoprotein® (Fig. 2d). Further-
more, Cas9-mediated deletion of Emu2-derived proviruses in KPAR.
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eMLV™ cells accelerated tumour growth after subcutaneous injec-
tion into wild-type, but not T and B cell-deficient, recipients®. Similar
results were obtained after intravenous injection, leading to orthotopic
growthinwild-typerecipients (Fig.2e), concomitant with asignificant
reductionin GC, Ty, and anti-tumour antibody responses elicited by
KPAR.eMLV ™ cells (Fig. 2f). Therefore, an aberrantly expressed ERV
is the main target of spontaneously elicited protective anti-tumour
antibodies against KPAR tumours.

PD-L1blockade boosts anti-ERV response

We next examined whether GC reactions and anti-tumour antibodies
were contributing to the therapeutic effect of PD-1or PD-L1blockade
in this model®. Whereas genetic studies have established a critical role
for the interaction between PD-L1* GC B cells and PD-1" T, cells in GC
formation and function®?, the effect of blocking antibodies on these
processes has not yet been examined. We first explored the role of ICB
in GC B cell responses independently of secondary effects of tumour
growth by immunizing mice with sheep red blood cells (SRBCs). Com-
pared withanisotype control, mice treated with an anti-PD-L1antibody
showed anincreaseinsplenic GCBcells and Ty, cellsand in the prolifera-
tive dark zone GC population (Extended Data Fig. 3a). PD-L1blockade
increased the size but not the number of individual GCs, indicating an
effect on the expansion of pre-existing responses rather than de novo
induction (Extended Data Fig. 3b). PD-L1 blockade modulated GC B
cell responses more potently than CTLA-4 blockade (Extended Data
Fig.3c), and we therefore used anti-PD-L1 monotherapy in subsequent
tumour experiments.

Blockade of PD-L1 significantly prolonged survival of KPAR-
challenged mice (Fig. 2g), similar to blockade of its receptor PD-1 (ref.3).
It also expanded local GC B cell and T, cell responses (Fig. 2h), and
these effects were reproduced by PD-1or CTLA-4 blockade (Extended
Data Fig. 4a). PD-L1 blockade significantly increased the titres of
tumour-binding IgG and IgA class-switched antibodies (Fig. 2i), in
line with the reported increase in GC responses and antibody titres
in PD-L1-deficient mice following model antigen immunization®. In
contrast to the reduced affinity of the antibodies elicited inimmunized
PD-L1-deficient mice®, we found that PD-L1blockade increased, rather
than decreased, the overall avidity of antibody binding to KPAR cells
(Extended DataFig.4b). To validate antibody functioninvivo, we tested
thetherapeuticactivity of serafrom anti-PD-L1-treated donors. We first
confirmed that these sera no longer contained anti-PD-L1 antibodies
(Extended Data Fig. 4c). PD-L1blockade in donor mice further pro-
longed survival of KPAR-challenged secondary recipients, compared
with recipients of serum from isotype-treated KPAR donors, which
in turn prolonged survival compared with recipients of serum from
naive donors (Fig. 2j), supporting the functionality of the anti-tumour
antibodies induced by PD-L1blockade.

Serafromanti-PD-L1-treated KPAR-challenged mice showed elevated
IgG and IgA binding to KARV-infected M. dunni cells (Extended Data
Fig. 4d), indicating an augmented response to this ERV antigen. For
direct interrogation of specificity, we sequenced BCRs from single B
cellsisolated from the pooled lungs of treated KPAR-challenged mice.
We identified a dominant clone in this pool, referred to here as J1IKK,
encoded by the V,13-2segment and of the IgA isotype, that accounted
for 20% of all Igh complementarity-determining region 3 (CDR3)
sequences (Fig. 2k). Recombinant JIKK monoclonal antibody bound
the surface of KPAR cells, as well as that of KARV-infected M. dunni cells,
pointing to KARV envelope glycoprotein as the target antigen (Fig. 2I).
Mass spectrometry analysis of peptides bound by JIKK confirmed their
eMLV envelope origin (Extended Data Fig. 4e). In vitro incubation of
KPAR cells with JIKK and naive serum triggered CDC (Extended Data
Fig. 4f), and in vivo treatment of KPAR-challenged mice with either
an IgA or IgGl1 version of JIKK significantly extended survival, in an
NK cell-dependent manner (Fig. 2m). Combined, these data establish
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the contribution of anti-ERV antibodies to untreated and ICB-treated
KPAR tumour rejection.

B cell responses in targeted therapies

To examine whether anti-tumour B cell responses contribute to the
therapeutic effect of treatments other than ICB, we used targeted
therapies, including a highly selective KRAS(G12C) inhibitor (G12Ci)*.
Wefirstintroduced the Kras mutation encoding the G12C substitution
into the KPAR cell line (KPAR®?¢), and the resulting cells were used
for these experiments®. Transcriptional analysis of KPAR®*“ tumours
showed strong upregulation ofimmunoglobulinand GC B cell-related
gene transcription in tumours treated with the G12Ci MRTX-849
(Fig. 3a). Cellular deconvolution indicated an enrichment of B cells
in G12Ci-treated tumours, as verified by flow cytometry for GC B cells
and further supported by histological detection of TLS (Fig. 3b-d).

Although KRAS(G12C) and mitogen-activated protein kinase kinase
(MEK) inhibitors are often considered to be in the same therapy class,
MEK has a critical role in B cell development and activation. Accord-
ingly, the MEK inhibitor (MEKi) trametinib blunted both GC and Ty,
responses to conventional SRBC immunization (Extended Data Fig. 5a).
By contrast, G12Ci did not affect GC or T, responses to SRBC immu-
nization (Extended Data Fig. 5a), indicating that its effect following
KPAR®¢ challenge was tumour cell intrinsic. In KPAR®*-challenged
mice, G12Ci treatment enhanced GC and T, responses, as well as
anti-tumour IgG and IgA antibody levels, compared with MEKi or vehicle
control (Extended Data Fig. 5b,c). Moreover, treatment with MEKi, but
not G12Ci, adversely affected the avidity of anti-tumour antibodies
(Extended DataFig. 5d). These data suggested that tumour cell-specific
inhibition of KRAS(G12C) promoted, but ubiquitous MEK inhibition
hindered, anti-tumour B cell responses in the KPAR model. To explore
whether B cells actively contributed to durable responses to G12Ci,
we treated mice with a CD20-depleting antibody before G12Ci. B cell
depletionincreased relapserates and subsequently decreased survival
of G12Ci-treated KPAR®*“-challenged mice, similarly to CD8" T cell
depletion; however, this effect did not reach statistical significance
(Fig. 3e), indicating that G12Ci may contribute to immunological
memory against tumour relapse.

CXCL13 therapy synergizes with ICB

To quantify the contribution of, as well as the requirement for, TLS
and anti-tumour B cell responses in resistance to KPAR tumours, we
inhibited the lymphoid structure-organizing chemokine CXCL13.
Cxcli3 expression increased in the lungs of mice after KPAR, but not
KPB6, challenge (Fig. 3f), implying arole for CXCL13 in the ensuing local
GCresponse. To test this, we used a CXCL13-blocking regimen, previ-
ously found to abolish GC responses in the lung but not the draining
lymph nodes during influenza A virus (IAV) infection®. Accordingly,
CXCL13 blockade diminished GC B cell responses in the lung, but not
the draining lymph nodes, of anti-PD-L1-treated KPAR-challenged
mice (Extended Data Fig. 5e) and negated the therapeutic effect of ICB
(Fig.3g). These effects were accompanied by areductionin anti-tumour
IgG and IgA antibody titres (Fig. 3h). As a control, anti-PD-L1-treated
KPAR-challenged mice treated witha CD20-depleting antibody lost GC
B cellresponses systemically (Extended Data Fig. 5e) and anti-tumour
antibodies completely (Fig. 3h), but were rendered insensitive to ICB,
similarly to mice treated with a CXCL13-blocking antibody (Fig. 3g).
By contrast, anti-CD20 or anti-CXCL13 antibodies alone had a mini-
mal effect on the survival of KPAR-challenged mice that did not
additionally receive ICB (Extended Data Fig. 5f). These findings sup-
ported a direct requirement for CXCL13-orchestrated lung GC B cell
and anti-tumour antibody responses underpinning a favourable ICB
outcome. They also suggested that CXCL13 treatment may further
improve the anti-tumour effect of ICB in the KPAR model, asindicated
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treated (n = 6) or G12Ci-treated (n =16) KPAR-challenged mice and those
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treatment (from two experiments). f, Time-course quantification by quantitative
PCRwithreverse transcription (RT-qPCR) of Cxcl13 expressionin KPAR or
KPB6 lungs (n =3 per time point per tumour type from one experiment).

g,h, Survival (g) and KPAR-binding IgM, IgG and IgA levels in the serum (h) of
KPAR-challenged mice treated with anti-PD-L1, anti-CD20 and anti-CXCL13 or

by experimentsin colorectal and ovarian mouse cancer models*?. To
examine the therapeutic utility of CXCL13, we treated KPAR-challenged
mice by intranasal administration of amammalian expression vector
encoding Cxcl13complexed with the cationiclipid GL67. This treatment

— Empty + anti-PD-L1

— Cxcl13 + anti-PD-L1 I:I P<0.009

isotype controls (n =9 mice per group from one experiment). i, Quantification
by RT-qPCR of Cxcli3transcriptsin the lungs of KPAR-challenged mice treated
withintranasal plasmid encoding Cxcl13 or empty vector control (n =6 mice
pergroup from two experiments). j, GC B cell quantificationinlungs from
KPAR-challenged mice treated with intranasal plasmid encoding Cxcl13 or
empty vector control (n =6 mice per group from two experiments). k, Survival
of KPAR-challenged mice treated with intranasal plasmid encoding Cxcl13 or
empty vector control (n =12 mice per group from two experiments). I, Survival
of KPAR-challenged mice treated with anti-PD-L1and Cxcli3orisotype and
empty vector controls (n =12 mice per group from two experiments). Datain
b,c,fh-jarerepresented as mean +s.e.m. Pvalues were calculated by two-sided
Mann-Whitney rank-sumtestinb, two-sided Student’s ttestinc,i,j, one-way
ANOVA on ranks with Tukey correction for multiple comparisons among the
threetreatment groupsinhandlog-ranktestine,gk,l.

increased Cxcl13 expressionin KPAR tumour-bearing lungs, compared
with an empty vector (Fig. 3i). It also increased GC B cell responses
to KPAR challenge and significantly prolonged survival of recipients
(Fig. 3j,k). Moreover, combination of CXCL13 and anti-PD-L1 treatment

Nature | Vol 616 | 20 April 2023 | 567



Article

further prolonged survival compared with either monotherapy (Fig. 31),
highlighting the potential of inhalation-based immunomodulation to
synergize with ICB.

B cell responses in patients with LUAD

Toinvestigate arole for humoralimmunity, as suggested by the mouse
model, indetermining the outcome of human lung cancer subtypes, we
compared transcriptomic B celland TLS signaturesin the TRACERx 421
cohortof treatment-naive patients with LUAD and lung squamous cell
carcinoma (LUSC). Compared with normallung samples from adjacent
tissue, TLS transcriptional signatures appeared reduced inboth LUAD
and LUSC tumour regions, and this reduction was stronger in LUSC
when paired samples were compared (Extended Data Fig. 6a,b). By
contrast, B cell signatures were significantly elevated inboth subtypes,
buttoagreater degreein LUAD thanin LUSC (Extended DataFig. 6a,b),
inagreementwitharecentreport®. Both TLS and B cell signatures were
inversely proportional to tumour purity (Extended DataFig. 6¢), imply-
ing dilution of signatures present in normal lung by tumour tissue.
Indeed, additional metrics, including BCR repertoire diversity, IgG
frequency and CXCL13 expression, as well as histological TLS detec-
tion, indicated induction of B cell responses in both LUAD and LUSC
(Extended DataFig. 6a,d).

Higher expression of the B cell markers CD79A, CD19 and MS4A1
(encoding CD20) correlated significantly with better outcome in TRAC-
ERx patients with LUAD, but not LUSC, and independently in TCGA (The
Cancer Genome Atlas) with better outcome in patients with LUAD, but
not LUSC (Extended DataFig. 7a,b). Furthermore, high CXCL13 expres-
sioncorrelated withimproved disease-free survivalin TRACERXx patients
with LUAD, but not LUSC (Extended Data Fig. 7a), and with improved
overall survival in TCGA patients with LUAD, but not LUSC (Extended
DataFig.8a). Across TCGA cohorts, high CXCL13 expression was prog-
nostic in tumour types in which an association between TLS density
and response to ICB has been reported'?, and its prognostic value was
independent of overall expression levels (Extended Data Fig. 8a,b).

ERV-reactive antibodies in patients with LUAD

Our results suggested a possible protective role for TLS and B cell
responses, specifically in LUAD. However, B celland TLS signatures and
CXCL13expression, which, as expected, correlated strongly witheach
other, also correlated significantly with cytotoxic CD8" T celland NK cell
signatures (Extended DataFig. 8c), inline with findingsin other cancer
types". To explore a possible direct contribution of anti-tumour B cell
responses to the observed association of TLS and B cell signatures with
the survival of patients with LUAD, rather than this being a reflection
of CD8' T cell responses, we investigated B cell reactivity to TAAs. Total
tumour mutational burden (TMB) correlated significantly with BCR
repertoire diversity and IgG frequency in individual tumour regions
from patients with LUAD, but not with TLS or B cell signatures (Extended
DataFig.9a), inlinewith prior reports®. Similarly, no significant effects
of smokingstatus or TP53, EGFR or KRAS mutations were observed, with
the possible exception of reduced TLS and B cell signatures in tumour
regions with subclonal TP53 mutations in this cohort (Extended Data
Fig. 9b), although marked elevation of plasma cells in patients with
LUAD with a smoking history was recently reported®.

We next examined non-mutated TAAs, focusing on ERV envelope
glycoproteins. We first examined the transcription of known human
ERV (HERV) loci potentially encoding envelope glycoproteins. Of 37
such HERV loci (Supplementary Table 1), 34 showed detectable expres-
sion in TCGA and TRACERx LUAD and LUSC (Extended Data Fig. 10a).
Ofthese, a HERV-K(HML:-2) provirus on chromosome 1q22, referred to
here as ERVK-7 (also known as HERV-K102), and a HERV-R provirus on
chromosome 7q11.21, referred to here as FRV3-1, were the most highly
expressed loci in both LUAD cohorts (Extended Data Fig. 10a). Both
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loci were also expressed in LUSC, which additionally expressed high
levels of a MER34 provirus on chromosome 4q12, referred to here as
ERVMER34-1 (encoding the endogenous retroviral envelope glycopro-
tein HEMO®) (Extended Data Fig. 10a).

To assess expression of these HERVs across tumour types, we com-
pared pan-tissue TCGA and Genotype-Tissue Expression (GTEx) data-
sets (31 cancer and 33 healthy tissue types). ERV3-1 and ERVMER34-1
were expressed at high levels in several healthy tissues, includingin the
haematopoietic compartment and kidney (Extended Data Fig. 10b),
asrecently described®. While ERVK-7 was expressed in non-malignant
lung, expression was significantly upregulated in patients with LUAD,
but not in those with LUSC, in both the TCGA and TRACERX cohorts
(Fig.4aand Extended Data Fig.10b). Moreover, comparison of multire-
giontumour samples and paired normal tissue from TRACERX patients
revealed considerableinter-patient, butlimited intra-patient, hetero-
geneity in ERVK-7 expression (Fig. 4b).

Overall ERVK-7 expression correlated most strongly with the tran-
scriptional signatures of cytotoxic CD8" T cells and NK cells, as well
aslgGfrequency, but not with TLS or B cell signatures (Extended Data
Fig.11a). This may be expected, given that only a fraction of overlap-
ping transcripts from the ERVK-7 locus correspond to the envelope
glycoprotein mRNA, with the rest corresponding to genomic RNA
or mRNA for other viral proteins. Moreover, ERVK-7 is one of several
detectably expressed HERV-K(HML-2) loci potentially encoding highly
similar envelope glycoproteins (95-98% amino acid identity). Staining
for HERV-K(HML-2) envelope glycoprotein in LUAD tissue microar-
rays indicated that the proteinis indeed expressed at variable levels
among patients and at higher levels in tumour than adjacent normal
cells (Extended DataFig. 11b), raising the possibility thatit could stimu-
late a B cell response.

We next screened pre-surgery TRACERx patient plasma samples for
ERV envelope glycoprotein-reactive antibodies, using a previously
described flow cytometry assay”. Antibodies, primarily IgG and IgM,
reactive with the ancestral HERV-K(HML-2) envelope protein were
detected in 45% of patients with LUAD and none of the patients with
LUSC (Fig.4c), despite transcript expressionin both histological sub-
types. Anti-HERV-K(HML-2) antibodies were also detected in a valida-
tion cohort of patients with LUAD*® at a frequency of 28% (Fig. 4c).
By contrast, antibodies targeting the ERV3-1 envelope protein were
undetectable in all but one patient with LUAD. This indicates that
HERV-K(HML-2) envelope glycoproteins can stimulate a humoral
response, preferentially in LUAD.

In the TRACERX LUAD cohort, ERVK-7 transcription levels were sig-
nificantly correlated with titres of HERV-K(HML-2) envelope-reactive
IgGantibodies (Fig. 4d,e), supporting amodelin which transcriptional
activation of ERVK-7breaksimmunological tolerance to HERV-K(HML-2)
envelope glycoproteins. We therefore investigated potential mecha-
nisms underlying elevated ERVK-7 transcription. This provirus has
recently been shown to respond to epigenetic changes and to the
transcription factor SOX2 in other contexts®. However, no correla-
tion between ERVK-7 transcription and global methylation or SOX2
expression was noted in TCGA LUAD samples (Extended Data Fig.11c),
although this analysis does not preclude an effect of local epigenetic
changes. As an alternative, we considered the possibility that ampli-
fication of chromosome 122, which occurs frequently during LUAD
evolution®, was responsible for elevated ERVK-7 expression through the
creation of additional ERVK-7 genomic copies. Inline with this hypoth-
esis, we found that ERVK-7 expression correlated with ploidy-adjusted
ERVK-7 copy number in the TRACERx LUAD cohort and with the average
copy number of the ERVK-7 genomic locus in the TCGA LUAD cohort
(Extended DataFig.11d). Moreover, titres of anti-HERV-K(HML-2) enve-
lope antibodiesin TRACERX patients with LUAD correlated significantly
with ploidy-adjusted ERVK-7 copy number (Fig. 4f,g). Collectively, these
datademonstrated the presence of HERV-K(HML-2) envelope-reactive
antibodiesinasubstantial proportion of patients with LUAD, probably
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(right). For TRACERX patients, tumour values represent the average expression
ofallindividual tumour regions. b, Expression of ERVK-7 in multiregion samples
from TRACERx patients with LUAD (n = 63 patients with data available for at
least three regions). Filled symbols and the dashed line represent individual
paired normallung tissue samples and average expressioninallnormal lung
tissue samples, respectively. ¢, Quantification by flow cytometry of HERV-
K(HML-2) and ERV3-1envelope-binding antibodies in plasma or serum from
TRACERX patients with LUAD (n =52) and LUSC (n =24) and in CAPTURE
patients with LUAD (n=28). Specific MFlincrease values over control cells are
denoted by the scale.d,e, Correlation of HERV-K(HML-2) envelope-reactive IgG

induced by increased ERVK-7 transcription, which in turn is aided by
chromosome 1q22 amplification.

ICB boosts human anti-ERV antibodies

To assess therelative contribution of regional lymph nodestothe TLS
BCRrepertoire, welooked for B cell clonal expansion specific to tumour
regions of TRACERx patients with LUAD. In TRACERx patient CRUK0035
with LUAD, one IgGl class-switched heavy chain and one light chain
(with the combination referred to here as 103-K7) made up 32.4% and
25.3%, respectively, of all productive BCRs in tumour region 1, whereas
BCRs from paired normal lung tissue lacked dominant clones (Fig. 5a),
indicating tumour-specific clonal expansion. The 103-K7 heavy and
light chain rearrangements carried seven and one amino acid sub-
stitution, compared with germline gene segments, respectively, and
the combination was also found in another two patients at consider-
ably lower frequencies. These were also found at lower frequencies in
tumour region 2 of patient CRUK0035, but notin a third tumour region,
lymph node metastasis or paired normal lung tissue (Fig. 5b). Instead,
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TRACERXx patients with LUAD with (HERV-K(HML-2) IgG*, n =25) and without
(HERV-K(HML-2) IgG™, n =22) HERV-K(HML:-2) envelope-reactive antibodies (e).
f,g, Correlation of HERV-K(HML-2) envelope-reactive IgG titres and ploidy-
adjusted ERVK-7 copy number (n =53) (f) and ploidy-adjusted ERVK-7 copy
number in TRACERx patients with LUAD with (HERV-K(HML-2) 1gG*, n =23) and
without (HERV-K(HML-2) IgG~, n=30) HERV-K(HML-2) envelope-reactive
antibodies (g). The y axis represents the maximum copy number in individual
tumour regions for each patient. Symbolsinaand brepresentindividual
patientsandindividual regions, respectively, and Pvalues were calculated by
one-way ANOVA on ranks with Dunn’s correction for multiple comparisonsina
and two-sided Mann-Whitney rank-sumtestin e,g; Rand Pvalues were calculated
using linear regressionind,f.

non-mutated 103-K7 precursors were found at high frequencies in
the lymph node metastasis and all three tumour regions, but not in
paired normal lung tissue (Fig. 5b). Although the precise specificity
of this antibody clone remains to be established, these results sug-
gested that the 103-K7 precursors originated in the lymph node and
seeded all sampled tumour regions, but then further class switched,
hypermutated and clonally expanded in tumour region 1.

To probe the functional relevance of HERV-K(HML-2) envelope-
reactive antibodies in LUAD, we first estimated the fraction of the
overall anti-tumour response they made up. Patient plasma with
HERV-K(HML:-2) envelope-reactive antibodies also stained A549 cells,
and this staining was reduced on average by 50% (-30% to 97%) by the
addition of soluble recombinant ERVK-7 envelope glycoprotein, com-
pared with control IAV hemagglutinin (Fig. 5c). Plasma from patients
with LUAD with HERV-K(HML-2) envelope-reactive antibodies medi-
ated ADCC against A549 targets significantly more efficiently than
that without HERV-K(HML-2) envelope-reactive antibodies (Fig. 5d).
Furthermore, addition of soluble recombinant ERVK-7 envelope glyco-
proteininhibited onaverage 55% (-15% to100%) of the ADCC mediated
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a, Frequency of allheavy (H) and light (L) chain BCR CDR3 rearrangements
intumourregion1and paired normallungtissue from TRACERX patient
CRUKO0035with LUAD. b, Heavy and light chain frequencies of the 103-K7
clonotype, anon-class-switched (non-CS) and non-somatically hypermutated
(non-SH) precursor, and a class-switched and non-somatically hypermutated
precursor, inthree separate tumour regions (TR1-TR3), alymph node metastasis
(LN1) and paired normal lung tissue (N) from patient CRUK0035. c-e, A549
binding (c) and A549 ADCC (d,e) of plasma from TRACERx patients with LUAD
with (IgG*, n=23) or without (IgG~, n =41) HERV-K(HML-2) envelope-reactive
antibodies without (d) or with (c,e) addition of recombinant ERVK-7 envelope
proteinor 1AV hemagglutinin (IAVHA). f, HERV-K(HML-2) and ERV3-1envelope-
reactive IgGtitresinindividual patients with LUAD before and during ICB

by plasma with HERV-K(HML:-2) envelope-reactive antibodies, whereas
the activity of plasma without HERV-K(HML-2) envelope-reactive
antibodies, probably targeting alternative shared tumour antigens,
was unaffected (Fig. 5e). These results indicated that HERV-K(HML-2)
envelope-targeting antibodies constitute a substantial fraction of the
anti-tumour humoral response and, in rarer cases, its entirety. Moreo-
ver, HERV-K(HML-2) envelope-targeting antibodies can mediate potent
anti-tumour effects, in line with findings in other systems™®,

To explore whether HERV-K(HML-2) envelope-reactive antibodies
could contribute to anti-tumour immunity during immunotherapy,
we monitored their titres in seven TRACERX patients with LUAD who
received ICB. Initiation of ICB treatment was quickly followed by asub-
stantial rise in HERV-K(HML:-2) envelope-reactive antibody titresin all
seven patients, independently of prior titres or prior non-ICB treatment
(Fig. 5f). By contrast, titres of ERV3-1-reactive antibodies remained
undetectable (Fig. 5f), suggesting that ICB has a specific effectin pro-
moting anantibody response to HERV-K(HML-2) envelope glycoprotein.
While survival after ICB cessation was positively correlated with the
rise in HERV-K(HML-2) envelope-reactive antibody titres (R =0.770,
P=0.042), the small size of this ICB treatment cohort did not allow a
full comparison of antibody levels according to outcome. We therefore
examined a possibleinvolvement of ERVK-7in ICB treatment outcome
inapreviously described larger cohort of patients with LUAD** from the
Samsung Medical Centre (SMC), for which RNA sequencing (RNA-seq)
datawere available. Expression of HERV lociencoding retroviral enve-
lope glycoproteins in this cohort was similar to that in the TCGA and
TRACERx cohorts, with ERVK-7being the most highly expressed provirus
(Extended DataFig.11e). Similarly to ICB-untreated TRACERX patients
with LUAD, ERVK-7 expression in SMC patients with LUAD correlated
significantly with CD8" T cell signatures (Extended Data Fig. 11f). Nota-
bly, pre-treatment ERVK-7 expression levels were higher in SMC patients
with LUAD who responded to ICB treatment than in those who did not
(Fig. 5g). Moreover, while not prognostic in ICB-untreated patients,
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higher pre-treatment ERVK-7 expression was significantly correlated
with better progression-free and overall survival following ICB treat-
mentand was therefore predictive of outcome, independently of age,
gender, smoking status and prior non-ICB treatment (Fig. 5h,i). These
results supported a possible involvement of ERVK-7 expression and
consequent HERV-K(HML:-2) envelope-targeting antibody responsein
anti-tumour immunity underpinning successful ICB treatment.

Discussion

Collectively, our findings indicate that local and systemic anti-tumour B
cellresponses may develop in mouse and human LUAD and contribute
to anti-tumour immunity through the production of tumour-binding
antibodies. These B cell and antibody responses can target ERV enve-
lope glycoproteins and are boosted by immunotherapy, providing
one potential mechanism for the association between TLS and ICB
response observed inhumans. These findings align with similar findings
in a mutagenized immunogenic breast cancer model, in which B cell
and T, responses were boosted following ICB*, and provide further
support for the emerging association between TLS and immunother-
apy response in lung cancer**#%, Boosting of anti-tumour antibody
responses by ICB alsoindicates abroader effect of PD-1/PD-L1-directed
immunotherapies on humoral response to self, as well as foreign, anti-
gens, asillustrated by the use of model antigens and in humans where
ICB hasbeenreported toboost circulating CXCL13 levels and antibody
responses to seasonal influenza vaccination®. In addition to ICB, TLS
formation correlates with responses to neoadjuvant chemotherapy
and targeted HER2 therapy®*8, mirroring our G12Ci dataand indicating
that TLS may have unexpected rolesintumour cell-targeted therapies.
In stark contrast, therapies that target both tumour and normal cells,
such as MEK inhibition, can adversely affect the induction of adap-
tiveimmune responses against tumours. These findings indicate that
combining MEK inhibitors with KRAS(G12C) inhibitorsin lung cancer,



or potentially also BRAFY*°*® inhibitors in melanoma, may compromise
the anti-tumour immune response and thus limit therapeutic impact
and possible benefit with ICB combinations.

Akey function of Bcellsis the production of antibodies. Anti-tumour B
celland antibody responses are typically directed against non-mutated,
overexpressed self-antigens and are also subject to a certain degree
ofimmunological tolerance™*. The role of ERVs as tumour antigens
haslongbeen described in mouse models, starting witha monoclonal
antibody reactive with melanomas originatingin C57BL/6 mice, which
was found to be specific to the envelope glycoprotein of aneMLV shared
by these melanomas*®. MLVs with restored infectivity frequently arise in
mouse cancer models, typically through recombinationbetween defec-
tive eMLV precursors, and are responsible for elevated expression and
increased immunogenicity of MLV antigens in mouse tumour cells™?°.
Whilerestoration of endogenous retrovirus infectivity is not known to
occurinhumans, the transcriptional upregulation of HERV expression
may nevertheless permit theinduction of HERV-specific antibodiesin
patients with cancer, primarily against members of the most recently
endogenized HERV-K(HML-2) group®**2, Although mobilization of
HERV-K(HML-2) proviruses, including ERVK-7, has recently been sug-
gested in SOX2-expressing cells®, here we provide evidence foranew
mechanism by which ERVK-7 copies may be amplified, namely amplifica-
tion ofits chromosomal locus. HERV-K(HML-2) envelope glycoprotein
expression predominantly by ERVK-7in LUAD is based in this study on
transcriptional evidence. However, highly similar and thus probably
antibody-cross-reactive HERV-K(HML-2) envelope glycoproteins are
encoded by several proviruses, some of which are insertionally poly-
morphicin humans. It may therefore be important to determine the
contribution of each provirus to the overall HERV-K(HML-2) envelope
glycoprotein antigenic pool in healthy and transformed cells.

Antibodies to HERV-K(HML-2) envelope glycoproteins exhibit
anti-tumour activity in human breast cancer xenograft models inde-
pendently of adaptive immune cells®. Moreover, pre-treatment HERV-K
expression has been reported to predict the response to combina-
tion immunotherapy and radiotherapy in patients with pancreatic
and colorectal cancers and was further upregulated in patients fol-
lowing treatment, although neither protein expression of HERV-K on
tumour cells nor specific antibodies were assessed**. HERV-K(HML-2)
envelope-reactive antibodies have also been detected following
SARS-CoV-2 infection® and in a proportion of healthy individuals
and patients with systemic lupus erythematosus (SLE)**. Although
titres were similar between healthy donors and patients with SLE, they
correlated with interferon activity only in the latter**, indicating that
HERV-K(HML-2) envelope-reactive antibodies may have functional
activities that warrant further investigation.

Overall, our data support the notion that local and systemic B cell
responses contribute to therapy response through the production of
protective antibodies and establish ERV envelope glycoproteins as a
relevant tumour antigen. Understanding tumour- and subtype-specific
roles of B cells will be critical toinform the use of targeted B cell expan-
sion as a mechanism of predicting the response of, and perhaps even
sensitizing, tumours to immunotherapy.
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Methods

Mouse strains

C57BL/6] wild-type mice, Aicda™-1€r/ERT2¢rey (Ajcda t*™?) mice®,
Ighgltml(cre)an (IgthCre) mice%’ Gt(ROSA)2650rtm1(EYFP)Cos (R05a26LSL-EYFP)
mice47, Gl’(ROSA )2650rtm1(CAG-Brainbow2.I)Cle (RosazéLSL-Confetti) mice48 and
Emu2-deficient mice? have been previously described and were main-
tained at the Francis Crick Institute Biological Research Facility on a
C57BL/6) genetic background. Mice were housed in ventilated cages
kept at constant temperature (21-25 °C) and humidity (50-60%), with
standard 12-h light/12-h dark cycles and under specific-pathogen-free
conditions. Eight- to 12-week-old male or female mice were used for
all experiments, randomly allocated to age- and sex-matched treat-
ment groups, and survival analyses were blinded. Animal numbers
were estimated on the basis of pilot studies of tumour growth in our
laboratories. Allexperiments were approved by the ethics committee
of'the Francis Crick Institute and conducted according to local guide-
lines and UK Home Office regulations under the Animals Scientific
Procedures Act 1986 (ASPA).

Celllines

KPAR cells were line KPARL.3 derived from a Trp53"/'Kras"s-¢120
background, as recently described®. KPAR®*¢ cells are KRAS(G12C)-
expressing derivatives of the KPAR1.3 line>.

HEK293T.ERV3-1envand HEK293T.HERV-K(HML-2)env cells were gen-
erated as previously described®. Inbrief, HEK293T.HERV-K(HML-2)env
cells were generated by retroviral transduction of HEK293T cells with
vector encoding a codon-optimized version of the putative ancestral
protein sequence of the HERV-K113 envelope glycoprotein*’, provided
by N. Bannert, and GFP separated by an internal ribosome entry site
(IRES). HEK293T.ERV3-1env cells were similarly generated by retroviral
transduction withavectorencoding the ERV3-1envelope glycoprotein
(NCBIreference sequence: NM_001007253.4) and GFP separated by an
IRES. KPAR, KPAR®*¢, KPB6, M. dunni, HEK293T, HEK293T.ERV3-1env,
HEK293T.HERV-K(HML-2)env, EL4, CTLL2, B16,4T1,3LL, MC38, A549,
NK92 and HBEC cells were obtained from and verified as mycoplasma
free by, and human cell lines were additionally validated by DNA fin-
gerprinting by, the Francis Crick Institute Cell Services facility. Cells
were cultured in DMEM (Thermo Fisher), RPMI (Thermo Fisher) or
IMDM (Sigma-Aldrich) supplemented with FBS (10%; Thermo Fisher),
L-glutamine (2 mM; Thermo Fisher), penicillin (100 U ml™'; Thermo
Fisher) and streptomycin (100 pg ml™; Thermo Fisher). M. dunni.KARV
cellswere generated by culturing M. dunni cells, which are permissive
toalldescribed endogenous eMLVs, in conditioned medium from KPAR
cells and verified by staining with the 83A25 monoclonal antibody.

Tumour models and immunizations

For orthotopic lung tumour models, 1.5 x 10° KPAR, 1.5 x 10° KPAR®"*¢
or1x10°KPB6 cells were injected intravenously into the tail vein. Mice
were weighed three times weekly and killed when the humane end-
point of 15% weight loss was reached. Forimmunization experiments,
mice wereimmunized intraperitoneally with 2 x 108 SRBCs (Fitzgerald
Industries).

For antibody treatments, 200 pg anti-PD-L1 (10F.9G2, BioXCell),
anti-PD-1 (RMP1-14, BioXCell), anti-CTLA-4 (9H10, BioXCell),
anti-CXCL13 (143614, R&D Systems), anti-NK1.1 (PK136, BioXCell),
anti-CD8(53-6.7, BioXCell), anti-eMLV Env (83A25, in house), anti-KARV
Env (JIKK, in house) or their respective isotype controls was injected
intraperitoneally twice weekly. For B cell depletion experiments,
mice were treated with a single intravenous injection of 250 pg of
anti-CD20 (SA271G2, BioLegend). For serum transfer experiments,
serumwas collected from KPAR tumour-bearing mice by terminal bleed,
heatinactivated at 56 °C for 10 min and stored at —20 °C. Recipient
tumour-bearing mice were injected with 100 pl serum pooled from
ten mice twice weekly, starting fromday 7. Mice in Figs.1jand 2m were

treated with anti-NK1.1, anti-CD8, or isotype control antibodies twice
weekly starting from day 7.

For KRAS or MEK pathway inhibitor experiments, treatments were
initiated once tumours were detectable by micro-computed tomog-
raphy (CT). Mice were anaesthetized by inhalation of isoflurane and
scanned using the Quantum GX2 micro-CT imaging system (Perki-
nElmer) at anisotropic pixel size of 50 um. Then, 50 mg kg MRTX-849
(MedChem Express), 3 mg kg trametinib (LC Laboratories) or vehicle
was administered by oral gavage. Mice received the inhibitors daily for
the duration indicated in the figure legends. Mice in Fig. 3a-d were
treated with inhibitors or vehicle control daily for 6 days following
detection of tumours. Mice in Fig. 3e that had developed KPAR lung
tumours were treated with anti-CD20, anti-CD8 or isotype control
antibodies 1 day before the start of 2 weeks of daily G12Ci treatment
and their survival was monitored until the endpoint. For mice treated
with anti-CD8, treatment continued after termination of G12Ci with
twice-weekly injections.

Lung gene transfer

The mouse Cxcl13 cDNA ORF (NM_018866.2) was synthesized and
clonedinto the pcDNA3.1 mammalian expression vector (Genscript).
For preparation of GL67 lipoplexes, 1.6 mg ml™ pcDNA3.1-Cxcl13 or
pcDNA3.1 as an empty vector control was incubated with 1.21 mM
GL67 liposomes (Genzyme) to give a final 1:4 molar ratio. Mice were
anaesthetized by inhalation of isoflurane and administered 20 pl of
the GL67-plasmid complex intranasally twice weekly.

Flow cytometry

Lungs were perfused with 20 ml cold PBS, cut into small pieces and
incubated with 1 mg ml™ collagenase (Thermo Fisher) and 50 U mI™
DNase I (Life Technologies) in PBS for 30 min at 37 °C. Samples were
filtered through 70-pm nylon strainers, and red blood cells were lysed
using 0.83% ammonium chloride before resuspension in FACS buffer
(2% FCS and 0.05% sodium azide in PBS). Samples were stained for
30 minatroom temperature with fluorescently labelled antibodies to
CD45 (BioLegend, 30-F11), B220 (BioLegend, RA3-6B2), GL7 (BioLeg-
end, GL7),CD95 (BioLegend, SA362F7), CXCR4 (BioLegend, L276F12),
CD86 (BioLegend, GL-1), TCRp (BioLegend, H57-597), CD4 (BioLegend,
GK1.5), PD-1 (BioLegend, 29F.1A12) or CXCRS (BioLegend, L138D7) or
unlabelled anti-eMLV Env (83A25,in house), anti-mouseIgG (BioLegend,
Poly4060), anti-mouse IgA (Southern Biotech, 11-44-2), anti-mouse
IgM (BioLegend, RMM-1), anti-human IgG (BioLegend, M1310GO05),
anti-human IgA (Miltenyi Biotec, 130-114-002) or anti-human IgM
(BioLegend, MHM-88), all at a1:200 dilution in FACS buffer along with
Near-IR Live/Dead stain (Thermo Fisher). Samples were runonan LSR
Fortessarunning BD FACSDivav.8.0 or a Ze5 analyser running Bio-Rad
Everestv.2.4 and analysed with FlowJo v.10. Gating strategies used for
the identification of different cell types are shown in Extended Data
Fig.12a.

Histology and two-dimensionalimmunofluorescence

Tumour-bearing lungs were fixed in 10% neutral-buffered formalin
(Sigma-Aldrich) for 24 h and transferred to 70% ethanol or frozen
in OCT. TRACERx snap-frozen regional samples were processed to
formalin-fixed, paraffin-embedded (FFPE) blocks after first taking suf-
ficient material for DNA and RNA sequencing. Tissue microarrays were
then created by taking 1.5-mm cores from regional FFPE blocks. Fixed
tissue was embedded in paraffin, and 4-pm sections were mounted
on slides. Haematoxylin and eosin staining was performed using the
automated Tissue-Tek Prisma slide stainer. Forimmunohistochemistry
staining, paraffin-embedded sections were boiled in sodium citrate
buffer (pH 6.0) for 15 min followed by incubation for 1 h with anti-B220
(1:250; RA3-6B2, BD Biosciences), anti-CD8 (1:250; 4SM15, Thermo
Fisher), anti-Ki67 (1:250; MIB-1, Agilent), anti-NCR1 (1:250; ab233558,
Abcam), PNA (1:250; B1075, Vector Laboratories) or anti-ERVK-7 (1:250;
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PA5-49515, Thermo Fisher). Primary antibodies were detected using
horseradish peroxidase (HRP)-conjugated anti-ratIgG (1:1,000; poly-
clonal; Thermo Fisher, 31470), anti-mouse IgG (1:1,000; polyclonal;
ThermoFisher, 31430) or anti-rabbit IgG (1:1,000; polyclonal; Thermo
Fisher, A16116). Slides wereimaged using a Zeiss AxioScan slide scanner
and analysed using the QuPath 0.3 source software®.

Forimmunofluorescence, paraffin-embedded slides were boiled in
sodium citrate buffer (pH 6.0) for 15 min followed by incubation for
30 mininblockingbuffer (1% BSA and 5% FCS in PBS) and were incubated
overnightat4 °Cwith primary antibodies. Frozen slides were air-dried
atroom temperature, fixed for 10 min in 4% paraformaldehyde (PFA)
andincubated for 30 minin SuperBlock solution (Thermo Fisher), fol-
lowed by incubation for 1 hwith primary antibodies. Primary antibodies
used were to CD3 (1:100; Abcam, ab5690) and B220 (1:100; BioLegend,
RA3-6B2). Slides were washed three times in PBS, incubated for 1 hin
the dark at room temperature with goat anti-rabbit 546 (1:200; Thermo
Fisher, A-11035) and goat anti-rat 488 (1:200; Thermo Fisher, A-11006)
and mounted with DAPI. Slides were imaged by confocal microscopy
on aZeiss Upright 710 or Zeiss AxioScan microscope.

Tissue clearing and three-dimensional immunofluorescence
Tissue clearing was performed as previously described®. In brief,
tumour-bearing lungs were perfused with 20 ml cold PBS, fixed in10%
neutral-buffered formalin (Sigma-Aldrich) for 24 h and depigmented
with 1:1:4 H,0,:DMSO:PBS overnight. Following overnight antigen
retrieval in 40 mg ml™ SDS with 12.36 mg ml ' borate at 54 °C, sam-
ples were washed three times in PBS with 0.2% Triton X-100, blocked
and incubated for 48 h at room temperature with antibodies to CD3
(1:100; Abcam, ab5690), B220 (1:100; BioLegend, RA3-6B2) and TTF1
(1:100; Abcam, ab72876). Samples were washed three timesin PBS and
incubated for 48 hin the dark with fluorescently labelled anti-rabbit
Alexa Fluor 546 (1:100; Thermo Fisher, A10040), anti-rabbit Alexa
Fluor 5461gG (1:200; Thermo Fisher, A-11035), anti-rabbit Alexa Fluor
594 (1:100; Thermo Fisher, R37119), anti-rat Alexa Fluor 488 (1:100;
A-21208), anti-rat Alexa Fluor 4881gG (1:200; polyclonal; Thermo Fisher,
A-11006), anti-rat Alexa Fluor 647 (1:100; Thermo Fisher, A48272),
anti-mouse AlexaFluor 488 (1:100; Thermo Fisher, A-21202) or anti-goat
Alexa Fluor 647 (1:100; Thermo Fisher, A-21447) antibodies. Samples
were washed three timesin PBS, dehydrated by anincreasing gradient
of methanol and cleared by anincreasing gradient of methyl salicylate.
Cleared samples were imaged by light-sheet microscopy onaLAvision
Ultramicroscope Il (Miltenyi) or by confocal microscopy on a Zeiss
Invert 780 and rendered using Imaris software 9.8 (Bitplane).

TLS detection and quantification

Mature TLS were defined here as lymphoid aggregates with the pres-
ence of segregated T celland B cell areas, as well as evidence of an ongo-
ing GCreaction. The latter was based on the distinction of dark and
light zones in GCs, identified on diagnostic haematoxylin and eosin
staining in TRACERx (Extended Data Fig. 6d) or revealed by Ki67 stain-
ing and by positivity for PNA binding in mouse samples. When multiple
diagnostic slides were available for a TRACERX patient, TLS counts
were summed. Clusters of lymphocytes that were visible at low-power
magnification but that did not containany suggestion of GC formation
were considered lymphoid aggregates.

Antibody binding and affinity assays

For antibody binding, KPAR, KPB6, M. dunni, M. dunni. KARV, HEK293T.
ERV3-1env, HEK293T.HERV-K(HML-2)env or HEK293T cells were incu-
bated with heat-inactivated sera or plasma diluted 1:50 in PBS for
30 min at room temperature, washed with FACS buffer, stained with
fluorescently labelled antibodies to mouse or humanIgG, IgA and IgM
for 30 min at room temperature and analysed by flow cytometry ona
Ze5analyser. Antibody titres are represented as the MFI per antibody
isotype. For blocking experiments, 10 pg ml™ recombinant ERVK-7

envelope protein (Cusabio, CSB-CF351062HU) or influenza AHIN1HA
(Sinobiological, 11085-VO8H) was incubated with diluted seraor plasma
for 30 min at room temperature before staining. For the detection of
ERV3-1and HERV-K(HML-2) envelope-reactive antibodies, HEK293T,
HEK293T.ERV3-1lenvand HEK293T.HERV-K(HML-2)env cells were mixed
inequal ratios and distinguished on the basis of the levels of GFP expres-
sion (Extended DataFig.12b). The specific MFlincrease compared with
parental HEK293T cells was calculated using the following formula:
(MFI of GFP* cells - MFI of GFP~ cells)/MFI of GFP™ cells, as previously
described®. Heatmaps were produced using Microsoft Excel 2016. For
A549 binding, the specific MFl increase was calculated using the fol-
lowing formula: (MFI of stained cells - MFl of no-serum control cells)/
MFI of no-serum control cells.

For serum affinity experiments, fixed KPAR cells were incubated
with sera diluted 1:50 for 1 h onice and washed three times with FACS
buffer. Replicate wells were incubated at 37 °C for1, 2,5 or 10 min and
stained with anti-IgG onice for 30 min. IgG staining withincubation was
expressed as a percentage of the maximum MFI and was considered
proportional to the antibody off-rate.

For complementkilling assays, KPAR cells were incubated witha1:10
dilution of serum with or without heat inactivation at 56 °C for 10 min
or anti-KARV envelope (JIKK; in house). Cells were incubated for 3 h
at 37 °C, and cytotoxicity was measured by lactate dehydrogenase
(LDH) release (Abcam) according to the manufacturer’s instructions.
Optical densities were measured at 450 nm on a microplate reader
(Tecan) and normalized to no-serum negative controls and lysis buffer
positive controls.

For ADCC assays, A549 and NK92 cells were cultured at al:1ratio with
a1:50 plasma dilution for 4 h at 37 °C, and cytotoxicity was measured
by LDH release (Abcam) according to the manufacturer’sinstructions.
Values were normalized to a negative control of A549 cells alone and
positive control of A549 cells treated with lysis buffer.

RT-qPCR
RNA was extracted from lungs following homogenization using
QIlAshredder columns (Qiagen) with the RNeasy kit (Qiagen). cDNA
was synthesized using the Maxima First-Strand cDNA Synthesis kit
(Thermo Fisher), and qPCR was performed using Applied Biosystems
Fast SYBR Green (Thermo Fisher) with the following primers:
Cxcl13:F,5’-CATAGATCGGATTCAAGT; R, TCTTGGTCCAGATCACAA-3’
Hprt, F,5-TGACACTGGCAAAACAATGCA; R, GGTCCTTTTCACCA
GCAAGCT-3
Values were normalized to Hprt expression using the AC; method.

ELISA

MaxiSorp plates (Thermo Fisher) were coated overnight at 4 °C with
recombinantsoluble PD-L1ectodomain (in house) in borate-buffered
salineandblocked for1hinblocking buffer (5% BSAin PBS).Serawere
diluted1:50 in blocking buffer and incubated with plates for1 hat room
temperature, followed by four washes with PBS-T and incubation with
HRP-conjugated anti-mouse IgG (1:1,000; Abcam, ab6728) for1 h. Plates
were developed by adding 50 il TMB substrate (Thermo Fisher), fol-
lowed by 50 pl of TMB stop solution (Thermo Fisher) after 5 min of shak-
ing at room temperature. Optical densities were measured at 450 nm
onamicroplate reader (Tecan).

Single-cell BCR sequencing and antibody production
Sorted live CD45'B220" cell populations, pooled from three mice, were
loaded onto a10X Genomics Chromium Controller, and the VD] library
was prepared according to the manufacturer’s guidelines. Samples
were sequenced using the lllumina HiSeq 2500 High Output platform.
Transcriptalignment and generation of feature-barcode matrices were
performed using the 10X Genomics CellRanger workflow.

TheJ1KK monoclonal antibody was cloned from the dominant BCR
sequence as either mouse IgA or IgGl into a pRV-IgK-T2A-IgH-IRES-GFP
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plasmid (Genscript) and transduced into HEK293T cells. IgA and IgG1
antibodies were purified from serum-free supernatant using a Protein L
spin column (Thermo Fisher) and Protein A Plus spin column (Thermo
Fisher), respectively, according to the manufacturer’s instructions.

Immunoprecipitation and mass spectrometry
Forimmunoprecipitations, the JIKK antibody or mouse IgA isotype
control (Abcam) was coupled to Dynabeads (Thermo Fisher) according
to the manufacturer’sinstructions. Antibody-conjugated Dynabeads
were subsequently incubated with 4 mg of protein lysate collected
from KPAR cells and incubated rotating overnight at 4 °C. Beads were
washed three times using RIPA buffer supplemented with protease and
phosphatase inhibitor cocktail (Roche). Samples were eluted by resus-
pensionin NUPAGE LDS sample buffer (Thermo Fisher) and incubation
at95 °Cfor 5 min. Eluted proteins were runon a NuPAGE 4-12% Bis-Tris
gel (Thermo Fisher) and visualized using InstantBlue Coomassie Protein
Stain (Abcam). Gel bands at 70 kDa were excised from each lane and
analysed by mass spectrometry.

For mass spectrometry, the excised protein gel pieces were placed
inal.5-ml Eppendorf tube and destained with 50% (v/v) acetonitrile
and 50 mM ammonium bicarbonate, reduced with 10 mM dithiothrei-
tol (DTT) and alkylated with 55 mM iodoacetamide. After alkylation,
proteins were digested with 6.5 ng pl ™ trypsin (Promega) overnight at
37 °C. Theresulting peptides were extracted in 2% (v/v) formic acid,
2% (v/v) acetonitrile and analysed by nano-scale capillary LC-MS/MS
using an Ultimate U3000 HPLC (Thermo Scientific Dionex) to deliver
aflow rate of approximately 250 nl min™. A C18 Acclaim PepMap100
51m, 100 pm x 20 mm nanoViper column (Thermo Scientific Dionex)
trapped the peptides before separation on an EASY-Spray PepMap
RSLC 2 pm, 100 A, 75 um x 500 mm nanoViper column (Thermo-
Scientific Dionex). Peptides were eluted with a120-min gradient of
acetonitrile (2% to 80%). The analytical column outlet was directly
interfaced through a nano-flow electrospray ionization source, with
a hybrid quadrupole Orbitrap mass spectrometer (Eclipse Orbitrap,
ThermoScientific). Data collection was performed in data-dependent
acquisition (DDA) mode with anr=120,000 (at m/z200) full-MS scan
fromm/z400-2,000 witha target AGC value of 4 x 10°ions followed by
20 MS/MS scans at r=17,500 (m/z200) at a target AGC value of 1 x 10*
ions. MS/MS scans were collected using a threshold energy of 30 for
higher-energy collisional dissociation (HCD), and a dynamic exclu-
sion of 30 s was used to increase depth of coverage. MS/MS data were
validated using Scaffold software 82 (Proteome Software) and inter-
rogated manually using a 1% false discovery rate (FDR) threshold for
proteinidentification.

TRACERX cohort

Thedatafrom this study are part of the first 421 patients prospectively
analysed from the TRACERx cohort (NCT01888601 approved by the
National Research Ethics Service Committee London, with sponsor’s
approval of the study by University College London with the following
details: REC reference 13/L0O/1546, protocol number UCL/12/0279,
IRAS projectID138871). Data obtention followed similar steps to those
described in the study of the first 100 patients®*** and is described in full
in the accompanying studies® . Informed consent for entry into the
TRACERXx study was mandatory and was obtained from every patient.

TRACERX RNA-seq cohort

Transcriptomic data (50 million paired reads per sample withalength
of 75 bp or 100 bp per read) analysed in this study were derived from
the TRACERX cohort that is described in full in the accompanying
studies®* ¢, Data obtention followed similar steps to those previously
described”. Patients with more than one primary tumour, determined
from pathology and sequencing analysis, were excluded to avoid poten-
tially confounding variables associated with multiple histologies and/
orindependent tumour lineages. Only data derived from primary and

adjacent normal lung tissue samples taken frominitial surgical resec-
tion were included, as well as one lymph node metastasis described
inFig. 5b. The TRACERx RNA-seq cohort analysed in the study is sum-
marized in Supplementary Table 2.

HERV transcriptidentification, read mapping and quantification
from RNA-seq data

HERV proviruses and other repeat regions were annotated as previously
described®. In brief, hidden Markov models (HMMs) representing
known human repeat families (Dfam 2.0 library v.150923) were used
to annotate GRCh38 using RepeatMasker, configured with nhmmer.
RepeatMasker annotates long terminal repeats (LTRs) and internal
regions separately; thus, tabular outputs were parsed to merge adjacent
annotations for the same element. A list of HERV proviruses with func-
tional env ORFs was compiled (Supplementary Table 1), and RNA-seq
readsfrom TCGA, GTEx and TRACERx were mapped and counted using a
customtranscriptome assembled onasubset of the RNA-seq datafrom
TCGA, as previously described*®. In brief, TPM values were calculated
for all transcripts in the transcript assembly with a custom Bash pipe-
line using GNU parallel and Salmon (v.0.12.0)*°. TPM values were then
imported into Qlucore Omics Explorer v.3.3 (Qlucore) for downstream
differential expression analysis and visualization. In the case of multiple
transcripts transcribed from a given HERV provirus, data were collapsed
by summing expression of any of the multiple transcripts overlapping
the env ORF of that provirus. Patient-level mean values were calculated
across multiple primary tumour regions, as applicable.

Immune cell and TLS estimates from RNA-seq data

The method of Danaher et al.®® was used to estimate immune cell popu-
lations from RNA-seq data from patients with lung cancer. Patient-level
mean values were calculated across multiple primary tumour regions,
as applicable. For mouse LUAD models, the MCPCounter method®
was used to quantify immune and stromal cell population abundance
fromRNA-seq data. TLS gene set scores were calculated as previously
described®. In brief, TPM values were quantile normalized and log
transformed as log,(value +1). The score was calculated as the mean
expression of nine TLS signature genes (CD798B, EIF1AY, PTGDS, RBPS,
CCR6,SKAP1, LAT, CETP and CDID).

BCRreconstruction from RNA-seq data

BCR CDR3sequences and class switches were assembled from RNA-seq
BAM files using the TRUST4 v.1.0.8 open-source algorithm® (https://
github.com/liulab-dfci/TRUST4), with default arguments. Multiple BCR
CDR3 sequences encoding the same amino acid (CDR3aa) sequence
were summed. Out-of-frame and partial CDR3 sequences were excluded
to retain only productive sequences. Diversity was defined as the
total number of unique productive CDR3aa sequences per sample.
Patient-level diversity represented the total number of unique produc-
tive CDR3aasequences across all primary tumour regions. Class-switch
frequencies were calculated per sample as the proportion of unique
productive CDR3aa sequences classified as IGHM, IGHG, IGHA, IGHE
or other. Patient-level mean values were calculated across multiple
primary tumour regions, as applicable.

TRACERXx whole-exome sequencing cohort

Whole-exome sequencing data (median depth of 413x) analysed in this
study were derived from the TRACERXx cohort thatis described in fullin
the accompanying studies®¢. Only driver single-nucleotide variants
(SNVs) and indels in TP53, EGFR and KRAS were included for analysis.
For copy number analysis, segments >5 bp in length with any overlap
with the ERVK-7locus coordinates (GRCh37 chr1:155596185-155606777)
were extracted for analysis. Ploidy-adjusted copy number of the locus
was calculated for each sample, and a patient-level maximum value was
used for associations with transcriptomic data. TMB was calculated at
aregional level by counting non-synonymous coding mutations, as
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defined by RefSeq (downloaded in 2014), dividing by the total length
of all coding sequences and multiplying by 10°.

TRACERX plasma cohorts

Patient plasma was collected longitudinally in agreement with the
study protocol. Fresh blood samples were collected in K2 EDTA tubes.
Plasmawas prepared within 2 h of blood collection by double centrifu-
gationfor10 minat1,000g using arefrigerated centrifuge followed by
10 min at 2,000g to remove cells and platelets. Plasma was stored in
1-ml aliquots at —80 °C. Before surgery, plasma was collected the day
before or the day of the initial surgery (n = 58 LUAD, n = 24 LUSC). Cor-
responding RNA-seq datawere available for 48 patients with LUAD and
20 patients with LUSC; corresponding somatic copy number alterations
datawereavailable for 53 patients with LUAD and this was not assessed
for patients with LUSC. Seven patients received ICB (nivolumab or
atezolizumab) and had on-therapy plasma available. Patient CRUK0284
had histologically distinct lesions of both LUAD and carcinoid growth.

Additional bioinformatics analyses for TCGA samples

For TCGA LUAD samples, indices of global methylation values were
previously calculated®. SOX2 expression, in fragments per kilobase
of transcript per million mapped reads upper quartile (FPKM-UQ),
and average copy number of the ERVK-7 genomic location (hg38
chrl1:155629344-155634870) were downloaded from the UCSC Xena
browser® (https://xena.ucsc.edu).

TRACERX, TCGA and SMC cohort outcome analysis

For TRACERX patients, disease-free survival analysis was conducted
for patients with LUAD and LUSC independently. Disease-free survival
(DFS) was defined as the period from the date of registration to the
time of radiological confirmation of recurrence of the primary tumour
registered for TRACERXx or the time of death from any cause. During
follow-up, three patients (CRUK0512, CRUK0373 and CRUKO0511) devel-
oped new primary cancer and subsequent recurrence from either the
first primary lung cancer or the new primary cancer diagnosed during
follow-up. These cases were censored at the time of the diagnosis of
new primary cancer for DFS analysis, owing to the uncertainty of the
origin of the third tumour. Patient-level data were split into high and
low groups based on the histology-specific cohort median, and the
probability of DFS was compared by Kaplan-Meier estimates using the
survival R package (v.3.2.13). For TCGA patients, samples were ranked
by CXCL13, CD79A, CD19 or MS4A1 expression, and survival curves of
the top and bottom expression quartiles were compared by log-rank
analysis. For outcome analysis in the SMC LUAD cohort**, samples were
stratified on the basis of ERVK-7 expression (the summed TPMs of any
of the multiple transcripts overlapping the env ORF of this provirus),
usinga cut-offvalue of 20 TPMto define high and low ERVK-7 expression.

Statistics and reproducibility

Statistical comparisons were made using GraphPad Prism 7 (GraphPad
Software), SigmaPlot 14.0 or R (versions 3.6.1-4.0.0). The packages
dplyr(v.1.0.7), data.table (v.1.14.2), tidyverse (v.1.3.1) and rjson (v.0.2.20)
were used for data handlinginR. The package Hmisc (v.4.6.0) was used
for Spearman’s correlation analysis. The package Ime4 (v.1.1.27.1) was
used for linear mixed-effects models. The package survival (v.3.2.13)
was used for statistical associations with patient outcome metrics.
Parametric comparisons of normally distributed values that satisfied
thevariance criteriawere made by unpaired or paired Student’s t tests
or one-way ANOVA with Bonferroni correction for multiple compar-
isons. Data that did not pass the variance test were compared with
non-parametric two-tailed Mann-Whitney rank-sum tests (for unpaired
comparisons), Wilcoxonsigned-rank tests (for paired comparisons) or
ANOVA onranks tests with Tukey or Dunn correction for multiple com-
parisons. Multiregion data were compared using a linear mixed-effects
model with each patient as arandom effect.

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

Data availability

The RNA-seq and whole-exome sequencing data (in each case from
the TRACERx study) used during this study have been deposited at the
European Genome-phenome Archive (EGA), which is hosted by the
European Bioinformatics Institute (EBI) and the Centre for Genomic
Regulation (CRG), under the accession codes EGASO00001006517
(RNA-seq) and EGAS00001006494 (whole-exome sequencing); access
iscontrolled by the TRACERx data access committee. Other data sup-
porting the findings of this study are available within the paper and its
Supplementary Information. TCGA and GTEx data used for the analy-
ses described in this manuscript were obtained from dbGaP (https://
dbgap.ncbi.nlm.nih.gov) accession numbers phs000178.v10.p8 and
phs000424.v7.p2in 2017. Additional TCGA LUAD expressiondataand
average copy number of the ERVK-7 genomic locus were downloaded
from the UCSC Xena browser (https://xena.ucsc.edu). Nucleotide
sequences were downloaded from NCBInucleotide resources (https://
www.ncbi.nlm.nih.gov/nuccore). Source data are provided with this

paper.

45. Dogan, . et al. Multiple layers of B cell memory with different effector functions. Nat.
Immunol. 10, 1292-1299 (2009).

46. Casola, S. et al. Tracking germinal center B cells expressing germ-line immunoglobulin y1
transcripts by conditional gene targeting. Proc. Natl Acad. Sci. USA 103, 7396 (2006).

47.  Srinivas, S. et al. Cre reporter strains produced by targeted insertion of EYFP and ECFP
into the ROSA26 locus. BMC Dev. Biol. 1, 4 (2001).

48. Snippert, H. J. et al. Intestinal crypt homeostasis results from neutral competition between
symmetrically dividing Lgr5 stem cells. Cell 143, 134-144 (2010).

49. Hanke, K. et al. Reconstitution of the ancestral glycoprotein of human endogenous
retrovirus K and modulation of its functional activity by truncation of the cytoplasmic
domain. J. Virol. 83, 12790-12800 (2009).

50. Bankhead, P. et al. QuPath: open source software for digital pathology image analysis.
Sci. Rep. 7,16878 (2017).

51. Messal, H. A. et al. Antigen retrieval and clearing for whole-organ immunofluorescence
by FLASH. Nat. Protoc. 16, 239-262 (2021).

52. Jamal-Hanjani, M. et al. Tracking the evolution of non-small-cell lung cancer. N. Engl. J. Med.
376, 2109-2121(2017).

53. Bailey, C. et al. Tracking cancer evolution through the disease course. Cancer Discov. 11,
916-932 (2021).

54. AlBakir, M. et al. The evolution of non-small cell lung cancer metastases in TRACERX.
Nature https://doi.org/10.1038/s41586-023-05729-x (2023).

55. Frankell, A. M. et al. The evolution of lung cancer and impact of subclonal selection in
TRACERX. Nature https://doi.org/101038/s41586-023-05783-5 (2023).

56. Martinez-Ruiz, C. et al. Genomic-transcriptomic evolution in lung cancer and metastasis.
Nature https://doi.org/101038/s41586-023-05706-4 (2023).

57. Rosenthal, R. et al. Neoantigen-directed immune escape in lung cancer evolution. Nature
567, 479-485 (2019).

58. Attig, J. etal. LTR retroelement expansion of the human cancer transcriptome and
immunopeptidome revealed by de novo transcript assembly. Genome Res. 29, 1578-1590
(2019).

59. Patro, R., Duggal, G., Love, M. I., Irizarry, R. A. & Kingsford, C. Salmon provides fast and
bias-aware quantification of transcript expression. Nat. Methods 14, 417-419 (2017).

60. Danaher, P. et al. Gene expression markers of tumor infiltrating leukocytes. J. Immunother.
Cancer 5,18 (2017).

61. Becht, E. et al. Estimating the population abundance of tissue-infiltrating immune and
stromal cell populations using gene expression. Genome Biol. 17, 218 (2016).

62. Cabirita, R. et al. Tertiary lymphoid structures improve immunotherapy and survival in
melanoma. Nature 577, 561-565 (2020).

63. Song, L. etal. TRUST4: immune repertoire reconstruction from bulk and single-cell
RNA-seq data. Nat. Methods 18, 627-630 (2021).

64. Jung, H. et al. DNA methylation loss promotes immune evasion of tumours with high
mutation and copy number load. Nat. Commun. 10, 4278 (2019).

65. Goldman, M. J. et al. Visualizing and interpreting cancer genomics data via the Xena
platform. Nat. Biotechnol. 38, 675-678 (2020).

Acknowledgements We are grateful for assistance from the Advanced Light Microscopy,
Advanced Sequencing, Experimental Histopathology, Biological Research, Cell Services,
Proteomics, Flow Cytometry and Scientific Computing facilities at the Francis Crick Institute.
The TRACERX study (ClinicaTtrials.gov: NCT01888601) is sponsored by University College
London (UCL/12/0279) and has been approved by an independent research ethics committee
(13/LO/1546). TRACERX is funded by Cancer Research UK (C11496/A17786) and is coordinated
through the Cancer Research UK and University College London Cancer Trials Centre, which
has a core grant from CRUK (C444/A15953). We gratefully acknowledge the patients and


https://xena.ucsc.edu
https://ega-archive.org/studies/EGAS00001006517
https://ega-archive.org/studies/EGAS00001006494
https://dbgap.ncbi.nlm.nih.gov
https://dbgap.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000178.v10.p8
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000424.v7.p2
https://xena.ucsc.edu
https://www.ncbi.nlm.nih.gov/nuccore
https://www.ncbi.nlm.nih.gov/nuccore
https://doi.org/10.1038/s41586-023-05729-x
https://doi.org/10.1038/s41586-023-05783-5
https://doi.org/10.1038/s41586-023-05706-4

Article

relatives who participated in the TRACERXx study. We thank all site personnel, investigators,
funders and industry partners who supported the generation of the data within this study.

The results shown here are in whole or part based on data generated by the TCGA Research
Network (http://cancergenome.nih.gov). The GTEx Project was supported by the Common
Fund of the Office of the Director of the National Institutes of Health and by NCI, NHGRI, NHLBI,
NIDA, NIMH and NINDS. This work was supported by the Francis Crick Institute (CC2097, CC2088,
CC2041 and CC2044), which receives its core funding from Cancer Research UK, the UK
Medical Research Council and the Wellcome Trust. For the purpose of open access, the author
has applied a CC BY public copyright licence to any author accepted manuscript version
arising from this submission. This work was also supported by the Cancer Research UK Lung
Cancer Centre of Excellence and the CRUK City of London Centre Award (C7893/A26233) as
well as by the University College London Experimental Cancer Medicine Centre. This project
has received funding from the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant agreement no. 101018670). C.S. is a
Royal Society Napier Research Professor (RSRP\R\210001). C.S. is funded by Cancer Research
UK (TRACERX (C11496/A17786), PEACE (C416/A21999) and CRUK Cancer Immunotherapy Catalyst
Network); the Cancer Research UK Lung Cancer Centre of Excellence (C11496/A30025);

the Rosetrees Trust and the Butterfield and Stoneygate Trusts; the Novo Nordisk Foundation
(ID16584); the Royal Society Professorship Enhancement Award (RP/EA/180007); the National
Institute for Health Research (NIHR) University College London Hospitals Biomedical Research
Centre; the Cancer Research UK-University College London Centre; the Experimental Cancer
Medicine Centre; the Breast Cancer Research Foundation (US); and the Mark Foundation for
Cancer Research Aspire Award (grant no. 21-029-ASP). This work was supported by a Stand Up
To Cancer-LUNGevity-American Lung Association Lung Cancer Interception Dream Team
Translational Research Grant (grant no. SU2C-AACR-DT23-17 to S. M. Dubinett and A. E. Spira).
Stand Up To Cancer is a division of the Entertainment Industry Foundation. Research grants are
administered by the American Association for Cancer Research, the scientific partner of SU2C.
C.S.isin receipt of an ERC Advanced Grant (PROTEUS) from the ERC under the European Union's
Horizon 2020 research and innovation programme (grant agreement no. 835297). K.S.S.E. was
supported by the European Union’s Horizon 2020 research and innovation programme under
Marie Sktodowska-Curie grant agreement no. 838540 and the Royal Society (RF\ERE\210216).
A.F. has received funding from the European Union’s Horizon 2020 research and innovation
programme under Marie Sktodowska-Curie grant agreement no. 892360. S.d.C.T. was funded
in part by a Marie Sktodowska-Curie Individual Fellowship from the European Union (MSCA-IF-
2015-EF-ST 703228-iGEMMdev). T.K. is supported by the JSPS Overseas Research Fellowships
Program (202060447). S.-H.L. is supported by a grant of the Korea Health Technology R&D
Project through the Korea Health Industry Development Institute (KHIDI), funded by the
Ministry of Health & Welfare, Republic of Korea (grant no. HR20C0025), and a National
Research Foundation of Korea (NRF) grant funded by the Korean government (Ministry of
Science and ICT) (grant no. 2020R1A2C3006535). C.M.-R. is supported by the Rosetrees Trust
(M630) and by the Wellcome Trust. A.M.F. is supported by Stand Up To Cancer (SU2C-AACR-
DT23-17). M.A.B. is supported by Cancer Research UK and the Rosetrees Trust. K.L. is funded

by the UK Medical Research Council (MR/P014712/1 and MR/V033077/1), the Rosetrees Trust
and Cotswold Trust (A2437), and Cancer Research UK (C69256/A30194). N.J.B. is a fellow

of the Lundbeck Foundation (R272-2017-4040) and acknowledges funding from the Aarhus
University Research Foundation (AUFF-E-2018-7-14) and the Novo Nordisk Foundation
(NNF210C0071483). N. McGranahan is a Sir Henry Dale Fellow, jointly funded by the Wellcome
Trust and the Royal Society (grant no. 211179/Z/18/Z), and also receives funding from Cancer
Research UK, Rosetrees and the NIHR BRC at University College London Hospitals, and the
Cancer Research UK-University College London Experimental Cancer Medicine Centre. M.J.-H.
is a CRUK Career Establishment Awardee and has received funding from CRUK, the IASLC
International Lung Cancer Foundation, the Lung Cancer Research Foundation, the Rosetrees
Trust, UKI NETSs, the NIHR and the NIHR UCLH Biomedical Research Centre.

Author contributions KW.N., J.B. and K.S.S.E. conceived the study, designed and performed
experiments and bioinformatic analyses, interpreted data and wrote the manuscript.

J. Almagro and P.A. performed three- and two-dimensional immunofluorescence and imaging.
H.C., O.P, T.K., GY. and J. Attig designed, carried out and/or interpreted bioinformatic analyses.
D.A.M., R.S. and M.S. generated and interpreted histopathology data. M.M.-A., S.d.CT. and N.F.
contributed to in vivo experiments. A.F., L.A., ST.C.S., SV., N. Magno, H.K. and S.S. acquired,
provided and oversaw patient materials. S.W. led the library preparation and genomic
sequencing. O.P,, TK.,C.M.-R., C.P,, J.RM.B., TBKW., AM.F., M.AAB., E.LL., M.S.H., GAW., D.C.
and N.J.B. contributed to bioinformatics pipeline development, data quality control and
processing, and/or design of bioinformatic analyses. T.K., D.A.M. and M.A.B. collated clinical
data for TRACERx. A.B., NY., S.P,, A.H., CT.H., K.L., N. McGranahan, M.J.-H., J.L., S.-H.L.and ST.
supervised experiments and data analysis, coordinated the clinical trials and/or provided
patient samples and data. C.S., J.D. and G.K. conceived and supervised the study, interpreted
data and wrote the manuscript. All authors reviewed and approved the manuscript.

Competing interests C.S. acknowledges grant support from AstraZeneca, Boehringer-
Ingelheim, Bristol Myers Squibb, Pfizer, Roche-Ventana, Invitae (previously Archer Dx Inc -
collaboration in minimal residual disease sequencing technologies), Ono Pharmaceutical, and
Personalis. He is an AstraZeneca Advisory Board member and Chief Investigator for the AZ
MeRmaiD 1and 2 clinical trials and is also Co-Chief Investigator of the NHS Galleri trial funded
by GRAIL and a paid member of GRAILs Scientific Advisory Board. He receives consultant fees
from Achilles Therapeutics (also SAB member), Bicycle Therapeutics (also a SAB member),
Genentech, Medicxi, China Innovation Centre of Roche (CICoR) formerly Roche Innovation
Centre - Shanghai, Metabomed (until July 2022), and the Sarah Cannon Research Institute

C.S has received honoraria from Amgen, AstraZeneca, Pfizer, Novartis, GlaxoSmithKline,

MSD, Bristol Myers Squibb, Illumina, and Roche-Ventana. C.S. had stock options in Apogen
Biotechnologies and GRAIL until June 2021, and currently has stock options in Epic Bioscience,
Bicycle Therapeutics, and has stock options and is co-founder of Achilles Therapeutics. C.S. is
an inventor on a European patent application relating to assay technology to detect tumour
recurrence (PCT/GB2017/053289). The patents have been licensed to commercial entities,
and under their terms of employment C.S. is due a revenue share of any revenue generated
from such license(s). C.S. declares patent applications for targeting neoantigens (PCT/EP2016/
059401), identifying patent response to ICB (PCT/EP2016/071471), determining HLA loss of
heterozygosity (PCT/GB2018/052004), predicting survival rates of patients with cancer
(PCT/GB2020/050221) and identifying patients who respond to cancer treatment (PCT/GB2018/
051912); US patents relating to detecting tumour mutations (PCT/US2017/028013) and
methods for lung cancer detection (US20190106751A1); and both a European and US patent
related to identifying indel mutation targets (PCT/GB2018/051892) and is co-inventor on a
patent application to determine methods and systems for tumour monitoring (PCT/EP2022/
077987). G.K. is a scientific co-founder of EnaraBio and a member of its scientific advisory
board. G.K. has consulted for EnaraBio and Repertoire Inmune Medicines. J.D. has acted as a
consultant for AstraZeneca, Bayer, Jubilant, Theras, BridgeBio, Vividion and Novartis and has
funded research agreements with Bristol Myers Squibb, Revolution Medicines and AstraZeneca.
K.S.S.E. acknowledges grant support from Bristol Myers Squibb. K.L. has a patent on indel
burden and CPI response pending and has speaker fees from Roche tissue diagnostics, research
funding from the CRUK TDL/Ono/LifeArc alliance and Genesis Therapeutics, and consulting
roles with Monopteros Therapeutics and Kynos Therapeutics. J. Attig is currently an employee
of and owns shares in Hoffmann-La Roche. SV. is a co-inventor on a patent for detecting
molecules in a sample (US patent 10578620). S.d.CT. has acted as a consultant for Revolution
Medicines. CT.H. has received speaker fees from AstraZeneca. D.A.M. reports speaker fees
from AstraZeneca, Eli Lilly and Takeda and consultancy fees from AstraZeneca, Thermo Fisher,
Takeda, Amgen, Janssen, MIM Software, Bristol Myers Squibb and Eli Lilly and has received
educational support from Takeda and Amgen. R.S. reports non-financial support from Merck
and Bristol Myers Squibb, research support from Merck, Puma Biotechnology and Roche,

and personal fees from Roche, Bristol Myers Squibb and Exact Sciences for advisory boards.
A.M.F.is a co-inventor on a patent application to determine methods and systems for tumour
monitoring (PCT/EP2022/077987). M.A.B. has consulted for Achilles Therapeutics. G.AW. is
employed by and has stock options in Achilles Therapeutics. N.J.B. is a co-inventor on a patent
to identify responders to cancer treatment (PCT/GB2018/051912), has a patent application
(PCT/GB2020/050221) on methods for cancer prognostication and is a co-inventor on a patent
for methods for predicting anti-cancer response (US14/466,208). A.H. has received fees for
being a member of the independent data monitoring committees for Roche-sponsored clinical
trials and academic projects coordinated by Roche. N. McGranahan has received consultancy
fees and has stock options in Achilles Therapeutics. N. McGranahan holds European patents
relating to targeting neoantigens (PCT/EP2016/ 059401), identifying patient response to

ICB (PCT/ EP2016/071471), determining HLA loss of heterozygosity (PCT/GB2018/052004)

and predicting survival rates of patients with cancer (PCT/GB2020/050221). M.J.-H. has
consulted for, and is a member of, the Achilles Therapeutics scientific advisory board and
steering committee, has received speaker honoraria from Pfizer, Astex Pharmaceuticals and
Oslo Cancer Cluster, and is a co-inventor on European patent application PCT/US2017/028013
relating to methods for lung cancer detection. This patent has been licensed to commercial
entities, and under terms of employment M.J.-H. is due a share of any revenue generated from
such license(s). The remaining authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-05771-9.

Correspondence and requests for materials should be addressed to Charles Swanton,
Julian Downward or George Kassiotis.

Peer review information Nature thanks Tuomas Tammela, Goran Jonsson, Eli Pikarsky and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


http://cancergenome.nih.gov
https://doi.org/10.1038/s41586-023-05771-9
http://www.nature.com/reprints

a KPB6 KPAR
B220 B220 | [ " H&E - B220
[ - B
i 5
- o g% i 2
Ki67 CD8
b KPB6 KPAR
; . PNA
" A Hematoxylin
x
N »
¥ 8
: v
. fie
Cc O Naive d +
6 @ KPAR p<0.0001 Er 8 p<0.0001
5 YN 5 %
) =0 )
S e®  p<00001 @4 x oo
) o a 2
« 4 o
° * 3 A k]
B . R4
') & 2 o
g2 8 2,
o ¥ o
o 51 X E S
o o L
0 0 — 50t
0 2 4 6 8 10 KPB6 KPAR o KPB6 KPAR
Tfh cells, % of CD4*
e f &
s " 2
& 100 & 100 5 3]
[a) > % ﬁ 5 & 15
o I o o
N 75|88 B s 5 4 =
o ES S 5 10
) " .3 °
N w + =
o 50 o 50 ] -
o Q ] o 5
s © 51 &
® 25 No25 5
- 3 Soe—t—— S 07—
o S w0 10 20 30 = 0 10 20 30
0 0 Q
E oS Days post challenge o Days post challenge

Extended DataFig.1| TLS formationin murine LUAD models.

a, Immunohistochemistry for B220, Ki67,and CD8 in KPB6 and KPAR lungs,
withinset KPAR TLS shown at higher magnification. Representative images of
10 individual mice from the same experiment. b, Staining with peanut agglutinin
(PNA)inKPB6 and KPAR lungs. Representative images of 10 and 4 individual
mice from the same experiment for KPB6 and KPAR tumours, respectively.

¢, Correlationbetween GC B and T, cells in naive and KPAR lungs, from Fig. 1d
(n=12pergroup from 3 experiments). Rand p values were calculated using

linear regression. d, Quantification by flow cytometry of B220*GL7°CD95* GC
Bcellsand TCRB*CD4'PD1'CXCRS5" Ty cellsin KPB6 and KPAR lungs (n = 6 per
group from 2 experiments). Dataare represented as mean +s.e.m. and p values
were calculated using two-sided Student’s t-tests. e, Labelling efficiency of GC
B cellsin Aicda“"*®"%;Rosa26"°*** mice (n = 6). Tamoxifen was administered 1
and 3 days prior to analysis. f, Time course quantification by flow cytometry of
B220*fluorophore’ (Ighg®™fate-mapped) or TCRB*CD4PDI'CXCR5" Ty, cellsin
KPAR lungs in Ighg®;Rosa26"- <" mice (n = 4 per time point).
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mean +s.e.m. of individual mice from the same experiment (symbols) and p
values were calculated using two-sided Student’s t-tests. b, Quantification of
KPAR-bindingIgM, IgG, and IgA from KPB6 (n = 6) or KPAR (n = 6) serum.
Thedotted line denotes the mean staining intensity of naive sera per antibody
isotype.Dataarerepresented as mean +s.e.m. of individual mice from the
same experiment (symbols) and p values were calculated using two-sided
Student’st-tests. ¢, Survival of KPB6 recipient mice treated with pooled serum

83A25
from KPAR (n = 8) or PBS mock-injected naive (n = 8) donor mice. d, Survival

of KPAR recipient mice treated with pooled serum from KPB6 (n = 8) or PBS
mock-injected naive (n = 8) donor mice. e, Quantification of KPAR cell death
following treatment with naive or KPAR sera with or without heatinactivation
(n=3pergroup from1lexperiment). Dataarerepresented as mean +s.e.m.and
p values were calculated using two-sided Student’s t-tests. f, Representative
scatter plots of KPAR, EL4, and 3LL cells stained with isotype (red), 83A25
(blue), orKPAR sera (orange). g, Detection by flow cytometry of ERV envelope
glycoprotein on M. dunniand M. dunni.KARV cell lines using the 83A25
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Extended DataFig. 3 |Effect of ICBon T cell-dependent B cell responses.

a, Quantification by flow cytometry of B220*GL7°CD95" GCB cellsor TCRB*CD4*
PD1'CXCRS5' Ty cellsinthe spleens of anti-PD-L1(n = 6) and isotype (n = 6)
treated SRBC-immunised mice. Data arerepresented asmean +s.e.m. and

p values were calculated using two-sided Student’s t-tests betweenisotype and
anti-PD-L1treatments. b, Quantification of germinal centre number and size by
PNA immunohistochemistryinanti-PD-L1and isotype SRBC spleens (n = 6 per
group from1lexperiment). Dataarerepresented asmean+s.e.m.and p values
were calculated using two-sided Student’s t-tests. ¢, Quantification by flow
cytometry of B220°GL7'CD95* GCB cells or TCRB*CD4PD1'CXCRS5" Ty cellsin
thespleensof anti-PD-L1 (n=3),anti CTLA-4 (n=3) and isotype (n = 3) treated
SRBC-immunised mice. Dataarerepresented as mean +s.e.m.and p values
were calculated using one-way ANOVA with Bonferroni correction for multiple
comparisons.
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Extended DataFig. 4 |Effect of ICB on KPAR antibody responses.

a, Quantification by flow cytometry of B220*GL7°CD95* GC B cells or
TCRB'CD4*PD1'CXCRS* Ty, cellsin KPAR lungs treated with anti-PD-1(n=6),
anti-CTLA-4 (n=6), orisotype control (n=6). Dataarerepresented as mean +
s.e.m.and p values were calculated using one-way ANOVA with Bonferroni
correction for multiple comparisons. b, Serum antibody off-rate of anti-PD-L1
andisotype KPAR sera (n=>5mice per group from1lexperiment) incubated at
37 °CwithKPAR cells for the denoted time. Dataarerepresented as mean +
s.e.m.and p values were calculated using two-way ANOVA. ¢, Quantification of
PD-L1-binding antibodiesinanti-PD-L1and isotype sera (n = 6 mice per group
fromlexperiment) prior toserum transfer. Purified 10F.9G2 anti-PD-L1

monoclonalantibodyis used asa positive control. d, Quantification by flow
cytometry of M. dunni.KARV-binding IgM, IgG, and IgA from anti-PD-L1(n = 6)
andisotype control (n = 6) sera. The dotted line denotes the mean staining
intensity of naive sera per antibody isotype. Dataare represented as mean +
s.e.m.and p values were calculated using two-sided Student’s t-tests.

e, Coomassie stain of KPAR lysate immunoprecipitated with JIKK monoclonal
orlgAisotype control. Peptides mapping to MLV envelope surface unit (SU)
aredenotedinalignment with the SU of the Emu2 envelope glycoprotein.

f, Quantification of KPAR cell death following treatment with JIKK monoclonal
orlgAisotype control and naive sera. Dataarerepresented asmean +s.e.m. of
technical triplicate measurementsinasingle experiment.
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correction for multiple comparisons. b, Quantification of GC B cells or Ty cells
in MEKi (n=4), G12Ci (n = 4), and vehicle (n = 4)-treated KPAR lungs. Data are
represented as mean +s.e.m.and p values were calculated using one-way
ANOVA with Bonferroni correction for multiple comparisons. ¢, Quantification
by flow cytometry of KPAR-binding IgM, IgG, and IgA from MEKi (n = 4), G12Ci
(n=4),and vehicle (n = 4)-treated KPAR serum. The dotted line denotes the
mean staining intensity of naive sera per antibody isotype. Dataare
represented as mean +s.e.m.and p values were calculated using one-way

0 20 40 60
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— Isotype
— anti-CD20
anti-CXCL13

ANOVA with Bonferroni correction for multiple comparisons for IgG and
one-way ANOVA on Ranks with Tukey correction for multiple comparisons for
IgA.d, Serum antibody off-rate of MEKi (n = 6), G12Ci (n = 6), and vehicle (n=5)
KPARserumincubated at 37 °C with KPAR cells for the denoted time. Micein
b-dweretreated withinhibitors or vehicle control daily for 5 days following
detection oftumours. Data arerepresented asmean +s.e.m. e, Quantification
by flow cytometry of B220*GL7°CD95" GC B cellsin KPAR lungs and draining
lymphnodes (dLN) following treatment with anti-PD-L1, anti-CD20, anti-
CXCL13, orisotype controls (n=9 per group from 2 experiments). Dataare
represented as mean +s.e.m.and p values were calculated using one-way
ANOVA on Ranks with Tukey correction for multiple comparisons. f, Survival
of KPAR mice treated with anti-CD20, anti-CXCL13, or isotype control as
monotherapy (n =8 per group from2 experiments).
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Extended DataFig. 6 |B celland TLS signatures, and TLS histology in
patients with LUAD. a, Quantification of TLS and Danaher B cell geneset
scores, unique productive BCR CDR3 amino acid sequences, frequency of IgG
class-switched BCR sequences, and CXCL13 expressionin transcripts per
million (TPM) in TRACERX LUAD and LUSC patients. Symbols represent the
average value of individual tumour regions or of adjacent normal lung tissue,
and numbers below the plotsindicate the number of patients. P values were
calculated using one-way ANOVA on Ranks with Dunn’s correction for multiple
comparisons. b, Comparison of TLS geneset and Danaher B cell scores in paired
TRACERXLUAD (n =49 pairs) and LUSC (n =27 pairs) samples and adjacent

Tumour purity TLS per patient

normal tissue samples. Symbols representindividual patients and p values
were calculated using two-sided paired Student’s t-tests, except for Danaher

B cell scorein LUAD for which a Wilcoxon Signed Rank test was used.

¢, Correlation of TLS geneset and Danaher B cell scores with tumour purity in
tumour regions from TRACERx LUAD (n =166 patients, 406 regions) and LUSC
patients (n =111 patients, 272 regions). Symbols represent individual regions
and Rand p values were calculated using linear regression. d, Representative
image (top) of TLS (arrows, scale bar 250 pm) and quantification of TLS in
TRACERXLUAD (n=165) and LUSC (n =108) patients (bottom).
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Extended DataFig. 8| Association of CXCL13 with survival in human cancer.
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calculated using Log-rank tests. b, CXCLI3mRNA expressionin transcripts per

million (TPM) in TCGA samples (n =492 for LUAD, 488 for LUSC, 458 for SKCM,
258 for SARC, 174 for PAAD, 360 for LIHC, 152 for GBM, 540 for UCEC, 496

for HNSC, 522 for KIRC, 284 for KIRP). Black lines denote mean expression.
c,Spearman’s correlation matrix of the indicated B cell-specific genes, CXCL13
and TLS geneset scores and Danaher scores for B cells, CD8" T cellsand NK cells
in TRACERX LUAD (n=170). All correlations were significant (p < 0.05).
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Extended DataFig.9|Association of B cell signatures with mutation
statusin TRACERX. a, Correlation of TLS geneset and Danaher B cell scores,
unique productive BCR CDR3 amino acid sequences, and frequency of IgG
class-switched BCR sequences with total tumour mutational burden (mutations
per megabase) in tumour regions (n =170 patients, 420 regions) from TRACERx
LUAD patients. Symbols representindividual regions and Rand p values were
calculated usinglinear regression. Calculated p values for unique CDR3s and
1gG frequency correlations with total tumour mutational burden were 0.0188
and 0.000887, respectively, using alinear mixed effects (LME) model that
corrected for smoking status and patient random effects. b, TLS geneset and
Danaher B cell scoresin tumour regions (n =170 patients, 420 regions) from
TRACERXLUAD patients according to patient smoking status (never-smoked,
n=32regions; ex-smoker,n=215regions; smoker, n =173 regions), TP53mutation
status (wild-type, n=217regions; truncal, n =168 regions; subclonal, n =35
regions), EGFR mutation status (wild-type, n =378 regions; truncal, n =41
regions; subclonal, n=1region), or KRAS mutation status (wild-type, n =227
regions; truncal, n=177regions; subclonal, n =16 regions). Symbols represent
individual regions and p values were calculated using one-way ANOVA on Ranks
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Extended DataFig.11|Correlates of ERVK-7 expression and HERV-K(HML-2)
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d, Correlation of ERVK-7 expression with ploidy-adjusted ERVK-7 proviral copy

envelope glycoprotein expressionin LUAD. a, Correlation of ERVK-7
expression with Danaher geneset scores forimmune cells denoted in TRACERX
LUAD patients (n=167). Correlation co-efficient and p values were calculated
usinglinear regression. b, Representative staining intensities for HERV-
K(HML-2) envelope glycoproteinin TRACERX LUAD tumour microarray
sections (scale bars 500um;inset scale bars 50 um). ¢, Correlation of ERVK-7
expression with global methylation (n =311 patients) or SOX2 expressionin
FPKM-UQ (Fragments Per Kilobase of transcript per Million mapped reads
upper quartile) (n =407 patients) in TCGA LUAD samples. Symbols represent
individual patients and Rand p values were calculated using linear regression.

numbersintumour regions (n =158 patients, 393 regions) from TRACERXx
LUAD patients (left) or with the average copy number of the ERVK-7 genomic
locationin TCGA LUAD patients (n =407 patients) (right). Symbols represent
individual regions for TRACERX LUAD and individual patients for TCGA LUAD
samples, and Rand p values were calculated using linear regression. e, Heatmap
ofexpression of envelope codogenic HERVs in SMC LUAD samples. f, Correlation
of ERVK-7 expression with CD8" T cell scores in SMC LUAD samples. Symbols
representindividual patients and Rand p values were calculated using linear
regression.
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European Genome—phenome Archive (EGA), which is hosted by The European Bioinformatics Institute (EBI) and the Centre for Genomic Regulation (CRG) under the
accession codes EGAS00001006517 (RNAseq) and EGAS00001006494 (WES); access is controlled by the TRACERx data access committee. Details on how to apply
for access are available at the linked page. Other data supporting the findings of this study are available within the paper and its supporting information files, with
raw data openly available from the Francis Crick Institute in a Figshare repository (https://crick.figshare.com). TCGA and GTEx data used for the analyses described
in this manuscript were obtained from dbGaP (https://dbgap.ncbi.nIm.nih.gov) accession numbers phs000178.v10.p8.c1 and phs000424.v7.p2.c1in 2017.
Additional TCGA LUAD expression data and average copy number of the ERVK-7 genomic location data were downloaded from the UCSC Xena browser (https://
xena.ucsc.edu). Nucleotide sequences were downloaded from NCBI nucleotide resources (https://www.ncbi.nlm.nih.gov/nuccore). Source data are provided with
this paper.
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Life sciences study design

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

Sample size No statistical methods were used to predetermine sample size.

The final target of the TRACERX study is to recruit a cohort of 842 patients, required to detect at least a 23% relative risk reduction and a 10%
improvement in 5 -year overall survival. The data used here represents the half-point of this study.

For in vivo mouse experiments, group sizes were determined based on prior experience with the respective models and the results of our
preliminary experiments. The number of repeats were determined by the balance between statistical significance and reduction in animal use.
Data exclusions  No data were excluded.

Replication TRACERX is a prospective longitudinal study. As such, the results shown here are not the result of an experimental setup. This is the half-way
point of the TRACERx 421 and reflects hypothesis generating analysis. Findings from TRACERx were validated using independent cohorts.

Experiments involving animals were repeated multiple times, as indicated in the figure legends, and all attempts at replication were
successful.

Randomization  Given the descriptive nature of the TRACERx longitudinal study, no experimental groups were allocated beforehand.

For in vivo mouse studies, mice were randomly allocated to the different treatment groups, with the exception of specific genotypes that
were allocated to different groups according to genotype.

Blinding For in vivo mouse studies, investigators were not blinded to group allocation in experimental setup, data collection or analysis. Blinding was
not required as data were based on quantitative analysis of phenotypes.

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.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used In vivo
PDL1 (200ug 10F.9G2; BioXCell BEO101)
CTLA4 (200ug 9H10; BioXCell BEO131)
CXCL13 (200ug 143614; R&D Systems MAB470)
NK1.1 (200ug PK136; BioXCell BEOO36)
CD8 (200ug 53-6.7; BioXCell BEOO04-1)
eMLV env (200ug 83A25; in-house)
KARV env (200ug J1KK; in-house)
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Flow cytometry

CD45 (1:200 30-F11; Biolegend 103111)

B220 (1:200 RA3-6B2; Biolegend 103207)

GL7 (1:200 GL7; Biolegend 144603)

CD95 (1:200 SA362F7; Biolegend 152617)

CXCR4 (1:200 L276F12; Biolegend 146511)

CD86 (1:200 GL-1; Biolegend 105043)

TCRB (1:200 H57-597; Biolegend 109225)

CD4 (1:200 GK1.5; Biolegend 100431)

PD1 (1:200 29F.1A12; Biolegend 135209)

CXCR5 (1:200 L138D7; Biolegend 145503)

anti-mouse 1gG (1:200 Poly4060; Biolegend 406001)
anti-mouse IgA (1:200 11-44-2; Southern Biotech 1165-02)
anti-mouse 1gM (1:200 RMM-1; Biolegend 406517)
anti-human 1gG (1:200 M1310G05; Biolegend 410703)
anti-human IgA (1:200 130-114-002; Miltenyi Biotech 130-113-476)
anti-human 1gM (1:200 MHM-88; Biolegend 314510)

Immunohistochemistry

B220 (1:250 RA3-6B2; BD Biosciences 553086)

CD8 (1:250 45SM15; Thermo Fisher 14-0808-82)

Ki67 (1:250 MIB-1; Agilent M7240)

NCR1 (1:250 EPR23097-35; Abcam ab233558)

PNA (1:250; Vector Biolaboratories B-1075)

ERVK-7 (1:250 polyclonal; Thermo Fisher PA5-49515)

HRP anti-rat 1gG (1:1000 polyclonal; Thermo Fisher 31470)
HRP anti-mouse 1gG (1:1000 polyclonal; Thermo Fisher 31430)
HRP anti-rabbit IgG (1:1000 polyclonal; Thermo Fisher A16116)

2D and 3D immunofluorescence

CD3 (1:100 polyclonal; Abcam ab5690)

B220 (1:100 RA3-6B2; Biolegend 14-0452-82)

TTF (1:100 8G7G3/1; Abcam ab72876)

Alexa Fluor 546 anti-rabbit IgG (1:100 polyclonal; Thermo Fisher A-10040)
Alexa Fluor 546 anti-rabbit IgG (1:200 polyclonal; Thermo Fisher A-11035)
Alexa Fluor 594 anti-rabbit IgG (1:100 polyclonal; Thermo Fisher R37119)
Alexa Fluor 488 anti-rat 1gG (1:100 polyclonal; Thermo Fisher A-21208)
Alexa Fluor 488 anti-rat 1gG (1:200 polyclonal; Thermo Fisher A-11006)
Alexa Fluor 647 anti-rat 1gG (1:100 polyclonal; Thermo Fisher A-48272)
Alexa Fluor 488 anti-mouse 1gG (1:100 polyclonal; Thermo.Fisher A-21202)
Alexa Fluor 647 anti-goat 1gG (1:100 polyclonal; Thermo Fisher A-21447)

Validation Validation data of all commercial antibodies are available on vendor websites and antibody datasheets. Specificity has been validated
by staining for the immunogen (flow cytometry, immunofluorescence or Western blotting) and have been used extensively in
numerous other studies.

For the ERVK-7 antibody in particular (Thermo Fisher PA5-49515), cross-reactivity against other members of the HERV-K(HML-2)
family has not been examined by the vendors. Based on sequence conservation among HERV-K(HML-2) members of the part of the




envelope glycoprotein that was uses as the immunogen, it is highly likely that this polyclonal antibody reacts with several members.
We therefore refer to it in the manuscript as HERV-K(HML-2)-reactive.

The specificity of the newly generated J1KK antibody was established by staining cells lines expressing or not expressing the target
antigen. These results are shown in Fig. 2i.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) KPB6 (Francis Crick Institute Cell Services)
KPAR1.3 (in-house)
KPAR1.3<G12C> (in-house)
HEK293T cells (Francis Crick Institute Cell Services)
EL4 (Francis Crick Institute Cell Services)
CTLL2 (Francis Crick Institute Cell Services)
B16 (Francis Crick Institute Cell Services)
4T1 (Francis Crick Institute Cell Services)
3LL (Francis Crick Institute Cell Services)
MC38 (Francis Crick Institute Cell Services)
A549 (Francis Crick Institute Cell Services)
HBEC (Francis Crick Institute Cell Services)
NK92 (Francis Crick Institute Cell Services)
Mus dunni (Francis Crick Institute Cell Services)
HEK293T.ERV3-1env (in-house)
HEK293T.HERV-K(HML-2)env (in-house)
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Authentication DNA fingerprinting for human cells lines

Mycoplasma contamination Verified as mycoplasma-free

Commonly misidentified lines Although not commonly misidentified, there is some ambiguity as to the origin of EL4 cells. In contrast to human cells,

(See ICLAC register) murine cell line authentication by DNA fingerprinting is not yet established and it is therefore difficult to know which EL4
subline might be closer to the original. We have chosen to use the EL4 cells at the Francis Crick Institute as they are the only
variant that we find to be negative for infectious MLVs.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6) wild-type
Aicdatm1.1(cre/ERT2)Crey (AicdaCreERT2)
Ighgltm1(cre)Cgn (IghglCre)
Gt(ROSA)26Sortm1(EYFP)Cos (Rosa26LSL-EYFP)
Gt(ROSA)26Sortm1(CAG-Brainbow?2.1)Cle (Rosa26LSL-Confetti)
Emv2-deficient mice

Mice were housed in ventilated cages kept in constant temperature (21-25°C) and humidity (50-60%), with standard 12-hour light/
dark cycles, and under specific pathogen-free conditions.. 8 to 12-week-old male or female mice were used for all experiments.

Wild animals No wild animals were used in the study.
Field-collected samples  No field collected samples were used in the study

Ethics oversight All experiments were approved by the ethics committee of the Francis Crick Institute and conducted according to local guidelines and
UK Home Office regulations under the Animals Scientific Procedures Act 1986 (ASPA).

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

Human research participants

Policy information about studies involving human research participants

Population characteristics 421 patients are included in this TRACERx cohort. 44.6% are females, 55.4% males; 93% are smokers of have a smoking
history, 7% are never smokers; 25% of patients were diagnosed at stage IA, 25% at IB, 17.8% at IIA, 13.5% at |IB, 18.5% at IIIA
and 0.2% at I11B; 52% of diagnosed tumours were adenocarcinomas, 28.8% were squamous cell carcinomas and 19.2% were
of other histological subtypes; 93% of the cohort is from a white ethnic background and the mean age of the patients is 69,
ranging between 34 and 92.
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Please note that the study started recruiting patients in 2016, when TNM version 7 was standard of care. The up-to-date
inclusion/exclusion criteria now utilizes TNM version 8.

TRACERX inclusion and exclusion criteria




Inclusion Criteria:

_Written Informed consent

_Patients >18 years of age, with early stage I-1IIB disease (according to TNM 8th edition) who are eligible for primary surgery.
_Histopathologically confirmed NSCLC, or a strong suspicion of cancer on lung imaging necessitating surgery (e.g. diagnosis
determined from frozen section in theatre)

_Primary surgery in keeping with NICE guidelines planned

_Agreement to be followed up at a TRACERx site

_Performance status O or 1

_Minimum tumor diameter at least 15mm to allow for sampling of at least two tumour regions (if 15mm, a high likelihood of
nodal involvement on pre-operative imaging required to meet eligibility according to stage, i.e. TIN1-3)

Exclusion Criteria:

_Any other* malignancy diagnosed or relapsed at any time, which is currently being treated (including by hormonal therapy).
_Any other* current malignancy or malignancy diagnosed or relapsed within the past 3 years**.

*Exceptions are: non-melanomatous skin cancer, stage 0 melanoma in situ, and in situ cervical cancer

**An exception will be made for malignancies diagnosed or relapsed more than 2, but less than 3, years ago only if a pre-
operative biopsy of the lung lesion has confirmed a diagnosis of NSCLC.

_Psychological condition that would preclude informed consent

_Treatment with neo-adjuvant therapy for current lung malignancy deemed necessary

_Post-surgery stage IV

_Known Human Immunodeficiency Virus (HIV), Hepatitis B Virus (HBV), Hepatitis C Virus (HCV) or syphilis infection.
_Sufficient tissue, i.e. a minimum of two tumor regions, is unlikely to be obtained for the study based on pre-operative
imaging
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Patient ineligibility following registration

_There is insufficient tissue

_The patient is unable to comply with protocol requirements

_There is a change in histology from NSCLC following surgery, or NSCLC is not confirmed during or after surgery.
_Change in staging to IlIC or IV following surgery

_The operative criteria are not met (e.g. incomplete resection with macroscopic residual tumors (R2)). Patients with
microscopic residual tumors (R1) are eligible and should remain in the study

_Adjuvant therapy other than platinum-based chemotherapy and/or radiotherapy is administered.

Recruitment When patients are initially diagnosed with stage I-Ill lung cancer and then referred for surgical resection, a research nurse
identifies them on a clinic/operating list. The patient has an initial eligibility assessment and then provided with written
information about the TRACERx study and he/she can ask the research nurse any questions.

Patients have to agree to provide serial blood samples whenever they attend clinic for routine blood sampling, so this
represents the only main potential self-selecting bias (i.e. only patients willing to do this would participate). However, it is
unclear how this would affect the biomarker analyses. Also, the gender and ethnicity characteristics are in line with patients
seen in routine practice.

Inclusion and exclusion criteria are summarised above.

All patients were assigned a study ID that was known to the patient. These were subsequently converted to linked study IDs
such that the patients could not identify themselves in study publications. All human samples, tissue and blood, were linked
to the study ID and barcoded such that they were anonymised and tracked on a centralised database overseen by the study
sponsor only. Written informed consent was obtained from all patients.

Ethics oversight The study was approved by the National Research Ethics Service (NRES) Committee London - Camden and Islington, with
sponsor’s approval of the study by University College London (UCL) with the following details:
Study title: TRAcking non small cell lung Cancer Evolution through therapy (Rx)
REC reference: 13/L0O/1546
Protocol number: UCL/12/0279
IRAS project ID: 138871

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

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration ' TRACERx: https://clinicaltrials.gov/ct2/show/NCT01888601, approved by an independent Research Ethics Committee, 13/LO/1546
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Study protocol TRACERX: https://clinicaltrials.gov/ct2/show/NCT01888601 N
N
Data collection Recruitment commenced April 2014. Clinical and pathological data are collected from patients for a minimum of five years. Study co-

ordination and data collection are overseen by the study sponsor (Cancer Research UK & UCL Cancer Trials Centre). A centralised
database with remote data entry (MACRO) was used. Patients were recruited from London, Leicester, Manchester, Aberdeen,
Birmingham, and Cardiff. Recruitment was completed at all sites on December 16, 2021 except at London and Manchester hospital
sites where recruitment is due to complete March 31, 2022.




Outcomes TRACERX: Disease-free survival (DFS) is measured from the time of study registration to date of first lung recurrence or death from
any cause. Patients who do not have these events are censored at the date last known to be alive (including patients who developed
a new primary tumour that has been shown biologically to not be linked to the initial primary lung tumour).
TCGA: Overall survival (OS) is the time from study registration until death from any cause.
For both DFS and OS, patients without an event are censored at the date they were last known to be alive (and also recurrence-free
for DFS).

TRACERX primary outcome: determine the clinical impact of intratumour heterogeneity on the clinical course of disease and the
impact of adjuvant platinum-based chemo on intratumour heterogeneity in relapsed disease.

TRACERx secondary outcome: No secondary outcome was pre-defined

Flow Cytometry

Plots
Confirm that:

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

IZ 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.

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

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Lungs were perfused with 20 mL cold PBS, cut into small pieces, and incubated with 1 mg/mL collagenase (Thermo Fisher)
and 50 U/mL DNase | (Life Technologies) in PBS for 30 mins at 370C. Single-cell suspensions were prepared from the spleens
or lymph nodes by mechanical disruption. Samples were filtered through 70 um nylon strainers and red blood cells were
lysed using 0.83% ammonium chloride before resuspension in FACS buffer (PBS, 2% FCS, 0.05% sodium azide). Cell lines were
grown under standard conditions.

Samples were run on a LSR Fortessa or a Ze5 analyser

Samples were run on a LSR Fortessa running BD FACSDiva v8.0 or a Ze5 analyser running BioRad Everest v2.4 and analysed
with FlowJo v10.

Sorted B cells were >95% pure and purity was confirmed additionally by subsequent scRNA-seq.

For the identification of GC B cells and Tfh cells, cell suspensions were first gated on FSC-A and SSC-A, following by FSC-A and
FSC-H to discriminate single cells from doublets. Live cells were identified by gating on NIR Live/Dead staining, and immune
cells within live cells by gating on CD45+ cells. GC B cells were gated as B220+ first, following by CD95+ GL7+ double-positive
gating. Tfh cells were gated as CD4+ TCRb+ double-positive first, following by CXCR5+ PD-1+ double-positive gating. Examples
of these gating strategies is shown in Extended Data Fig. 12a.

For antibody assays, HEK293T sublines were first gated on FSC-A and SSC-A, following by FSC-A and FSC-H to discriminate
single cells from doublets. HEK293T sublines were then discriminated based on the intensity of GFP expression. Serum
antibody binding was assessed by the increase in the intensity of staining with the respective secondary antibody. Examples
of these gating strategies is shown in Extended Data Fig. 12b.

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