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Demultiplexing Ig repertoires by parallel mMRNA/DNA

sequencing shows major differential
alterations in severe COVID-19

Virginie Pascal,’'° Marine Dupont,”'° Paco de Rouault,® David Rizzo,? Delphine Rossille,*> Robin Jeannet,?¢

Thomas Daix,® Bruno Francois,® Steve Genebrier,*> Marie Cornic,®> Guillaume Monneret,” Fabienne Venet,”
Juliette Ferrant,* Mikael Roussel,*> Florian Reizine,*® Mathieu Le Souhaitier,*® Jean-Marc Tadié,*®

Karin Tarte,*> Jean Feuillard,”? and Michel Cogné®>7.11.*

SUMMARY

To understand the fine differential elements that can lead to or prevent acute res-
piratory distress syndrome (ARDS) in COVID-19 patients, it is crucial to investi-
gate the immune response architecture. We herein dissected the multiple layers
of B cell responses by flow cytometry and Ig repertoire analysis from acute phase
to recovery. Flow cytometry with FlowSOM analysis showed major changes asso-
ciated with COVID-19 inflammation such as an increase of double-negative B-cells
and ongoing plasma cell differentiation. This paralleled COVID-19-driven expan-
sion of two disconnected B-cell repertoires. Demultiplexing successive DNA and
RNA Ig repertoire patterns characterized an early expansion of IgG1 clonotypes
with atypically long and uncharged CDR3, the abundance of this inflammatory
repertoire being correlated with ARDS and likely pejorative. A superimposed
convergent response included convergent anti-SARS-CoV-2 clonotypes. It
featured progressively increasing somatic hypermutation together with
normal-length or short CDR3 and it persisted until a quiescent memory B-cell
stage after recovery.

INTRODUCTION

The SARS-Coronavirus-2 (SARS-CoV-2) virus has currently affected about 680 million people worldwide,
eventually requiring admission to Intensive Care Unit (ICU) and killing about 6.9 million patients (Johns
Hopkins Coronavirus Resource Center: https://coronavirus.jhu.edu/map.html). From the beginning, clin-
ical presentation of COVID-19 has been highly variable, from asymptomatic or mild to severe, with acute
respiratory distress syndrome (ARDS) as the major and eventually fatal complication,’”” requiring pro-
longed mechanical ventilation and yielding complications hereby.® Immune responses diversely modulate
COVID-19 onset and evolution. Notably, vaccination has massively demonstrated that protective specific
immunity can prevent COVID-19 or ensure its benign evolution with faster clearance of the virus and
reduced need for hospitalization, even for vaccinees facing the delta or omicron variants in situations where
cellular immunity persists but specific antibodies are less efficient.” Rather than protective immunity, re-
sponses to SARS-CoV-2 infection can also yield uncontrolled inflammation and then participate to ARDS
development, as notably seen in the elderly or in patients with type | interferon defects.®” The fine balance
between these two sides of immune responses is thus of major importance for the evolution and prognosis
of the disease. Notably, ICU COVID-19 patients rapidly develop anti-SARS-CoV-2 adaptive immune re-
sponses which, although reaching much higher levels than in mild patients, fail to protect them.'%"
Accordingly, patients at this stage of strong viral burden and inflammation become unresponsive to
passive immunotherapy with specific mAbs or convalescent plasma.'”'® Immune dysfunction is clearly
multifactorial in ICU patients, with atypical myeloid cell expansion and increased levels of pro-inflammatory
cytokines correlating with T cell lymphocytopenia and a broad T cell activation including Th1, Th2, Th17,
and MAIT cells.""? Cellular anomalies are also present on the B-cell side, and differ between patients
with mild COVID-19 and ICU patients, the latter showing an increase of blood plasma cells and of dou-
ble-negative (DN) [IgD"9, CD27"%9] B-cells suggesting extra-follicular B-cell activation.'®'" Single-cell
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extra-follicular activation and germinal center B-cells later differentiating into memory B cells.”” Many as-
pects of the B-cell responses, however, remain to be understood, notably regarding the specific role of a
given B-cell sub-population or a given component of the Ig repertoire for either protection, pathologic
inflammation or even immunosuppression, in conditions where severe COVID-19 triggers biased immune
activation pathways. Notably for COVID-19 patients entering the ICU with a highly variable prognosis, it is
unknown whether B-cell parameters correlate with evolution in the ICU and notably with the development
of ARDS needing mechanical ventilation, with all complications hereby.

To fill these gaps, we undertook a high-resolution profiling of blood B-cells by superimposing Ig reper-
toires explored both at the DNA level (evaluating cell abundance with regard to clonotypic features)
and the mRNA level (then exploring the relative expression of Ig clonotypes in both membrane-type
and secretedtype IgH transcripts). Although plasma cells highly transcribing IgH genes would have an
increased weight in global RNA-based repertoires, the split analysis of BCR transcripts and secreted-
type transcripts for each lg class more specifically appreciates the repertoires from B-lymphocytes and
plasma cells, respectively. In parallel to repertoire analyses, we also finely analyzed B-cell sub-populations
by flow cytometry.

Finally, and by contrast to previous studies which compared ICU patients with patients affected by mild
COVID-19, our study aimed at evaluating among ICU patients, two cohorts either responsive to oxygen
therapy or affected with ARDS. We then looked for correlation between the molecular determinants of
the B-cell response and the evolution of the disease among those critically ill patients.

RESULTS
Characteristics of COVID-19+ individuals

We recruited 35 patients with severe COVID-19, 22 (62%) with ARDS, according to the consensus defini-
tion.”" Blood samples were analyzed by flow cytometry (30 patients), DNA repertoire (28 patients) and
RNA repertoire (19 patients). The median ages in the ARDSP°® and ARDS"®9 COVID-19+ groups, 64 and
57 years old, respectively, did not significantly differ (Student’s t test, p = 0.14). Comparison of clinical fea-
tures, age-and sex-ratio ARDSP°*"¢9 COVID-19+ and control groups is presented in Table S1.1CU samples
were drawn at DO-3 (D0O) and D7-10 (D7) after admission and at M4 in recovered patients. PBMCs isolated
from whole blood using Ficoll were cryopreserved. Information about gender, age, Body Mass Index (BMI),
outcome (alive or dead) and preexisting chronic disease was collected. Patients’ characteristics are
reported in Table S2.

Immunophenotypic B-cell differential in COVID19 patients with and without ARDS

B-cell subsets were analyzed by flow cytometry for 53 samples from 30 severe COVID19 patients (19 with
and 11 without ARDS) and 9 healthy controls. CD45 and CD19 were used as gating markers for B-cells.
Phenotypic markers included IgD, CD10, CD24, CD27, CD38 to follow most B-cell subsets as reported
by Sanz et al."" Moreover, we added the PD-L1 (CD274) marker to identify B-cells with putative immune
regulatory activities.”” All samples were globally analyzed for these markers using the FlowSOM R pack-
age.” Based on these analyses, 81 phenotypic clusters were generated used a 9 x 9 grid (Figures 1A,
1B andS1). Examination of clusters found them associated into 8 metaclusters, the phenotypic analysis
of which by biparametric histograms confirmed correspondence with the expected phenotype of 8 major
B-cell subsets (Figure S1). Further dissociation of metaclusters by FlowSOM only discerned small clusters at
the periphery of the minimum spanning tree (MST) (not shown), lacking functional relevance. We thus rather
defined the regulatory B-cell subsets of interest in a supervised manner, adding 4 regulatory metaclusters
close to the center of the MST: metacluster 9 corresponds the so-called “double-negative” (DN) IgD"®%/
CD27"°9 B-cells, whereas metaclusters 10, 11 and 12 contains CD24"9"/CD27+ B-cells (so-called B10 reg-
ulatory B-cells®®). These subsets have indeed been implicated in immune regulatory functions.”'*> DN
B-cells included clusters 45 and 36 (Figures 1 and S1). CD24"9"CD27+ B-cells were found in three small
branches of the MST corresponding to clusters 8 and 18, 9 and 17 as well as 35 and 27, and differences be-
tween these 3 metaclusters were mostly related to IgD and CD38 expression (Figures 1A and S1).

Altogether, this flow cytometry mapping captures all expected functional B-cells subsets, and includes not
only the main circulating subsets such as naive or memory B-cells, but also rarer compartments such as tran-
sitional B-cells, marginal zone (MZ) B-cells as well as CD24n*9/CD38Ms" plasmablasts (Figures 1A and S1).
PD-L1 expression by plasmablasts and MZ B-cells additionally suggests that these two subsets could exert
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Figure 1. Flowsom analysis of the different B cell subsets

(A) Minimum spanning tree of the 81 clusters and 12 metaclusters identified after FlowSOM analysis.

(B) Color codes and correspondences of the 12 metaclusters with their B-cell subset counterpart (cardinal phenotypic features are indicated).

(C) tSNE analysis of the 12 FlowSOM metaclusters. The color code is the same than in 1B. Each B-cell subset is pointed by an arrow.

(D) Minimum spanning tree of the 81 clusters and the 12 metaclusters according to the COVID-19 course. Diameter of each cluster ball is proportional to the
relative abundance of its cell content.

(E) tSNE overlay of the 12 flow metaclusters for B-cells from controls versus patients at D7 and M4.

some immunoregulatory functions. tSNE (t-distributed stochastic neighbor embedding) analysis consoli-
dated the validity of all above-described metaclusters, by showing that each metacluster could be ascribed
to a specific tSNE territory (Figure 1C and S2). Although distant on the MST, tSNE territories of cluster 10, 11
and 12 were logically close together, because of high CD24 expression (Figure 1C and S2).
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B-cell subsets from healthy controls were dominated by the IgD+/CD27- B-cell compartment, with less
abundant IgD-/CD27+ memory and hardly detectable transitional, DN B-cells, B10 cells or plasmablasts
(Figures 1D and S3 and S4). In contrast, severe SARS-CoV-2 infection was associated with an initial increase
of transitional B-cells mainly in ARDS"? patients (see Metacluster 1, Figure S4), indicating increased pro-
duction or circulation of recently differentiated B-cells. COVID19 was also characterized by a shift from
naive to memory B-cells as early as DO for ARDSP®® patients, while delayed at D7 for ARDS"®9 patients,
with maximum increase of the memory B-cell compartment at M4 (Figure 1D and see Metaclusters 2
and 4, Figure S4). These phenotypic changes were confirmed by tSNE analysis (Figure 1E).

We observed in the acute phase of severe COVID-19, major alterations of B-cell sub-populations typical of
the extra-follicular response reported by Woodruff et al., noticeably involving the population of DN cells
(Metacluster 9, Figure S4), previously associated with auto-immune conditions and inflammation.""?* In
addition to a memory B-cell shift, we noticed an expansion of CD27+/IgD-/CD24"9" B cells (metacluster
10 on Figure S4, carrying markers of B10 Breg compartment) whereas levels of IgD+/CD24high B-cells
remained stable (Metaclusters 11 and 12, Figure S4). An expansion of CD27+/IgD+/PDL1+ B-cells (Meta-
cluster 3, Figure S4), which reached significance at M4. These cells, that evoke marginal zone Bregs, were
those with the highest PD-L1 expression (Figure S1). Some plasmablasts expansion (as Metaclusters 5, 6
and 8, Figure S4) was also visible and associated with PDL1 expression, again evoking regulatory cells.
Alterations of B-cell compartments partly persisted after recovery and patients at M4 showed a persistent
increase of transitional, DN, and regulatory B-cells, mainly CD24"9"/CD27 + B-cells but also PD-L1 express-
ing marginal zone B-cells and plasmablasts.

Analysis of circulating B-cells thus shows that, beyond the inflammatory phase and the memory B-cell
expansion, several cell compartments were durably impacted after COVID-19 recovery, including for an
increased ongoing plasma cell differentiation (even if heterogeneous), and for cells known with regulatory
functions and/or polyreactivity. This suggests the prolonged superimposition of a classical memory B-cell
response with a parallel expansion of B-cells with extra-follicular features, the expansion of which was pre-
viously noticed in severe compared to mild COVID-19 patients.'*>?” We also note that at M4, PD-L1+
B-cells were less abundant in ARDSP®® than in ARDS"®C patients, suggesting their clinically relevant partic-
ipation to a better control of inflammation in the latter.

Oligoclonal humoral response and expansion of circulating IgG1+ B-cells during the acute
phase of SARS-CoV-2 infection

To in-depth analyze the anti-SARS-CoV-2 global response, circulating B-cell repertoires were characterized
in a cohort of 35 patients hospitalized in ICU for severe COVID-19 disease (22 with and 13 without ARDS). As
stated above, DO, D7 and M4 blood samples were collected. Overall, both on RNA and DNA templates, a
significant decrease in the diversity of circulating |Ig repertoires was observed during the acute phase (D0/
D7) (Figure 2). Following Ig diversity by analyzing the frequency distribution curve of the CDR3 length,
readily showed oligoclonal expansions in the acute phase repertoires: over the polyclonal background,
small peaks corresponding to transient clonotypic expansions were detected in most ICU patients whereas
controls showed smooth distribution curves of highly diversified clonotypes (Figure 2A). Accordingly, the
elevated Gini diversity index and relative abundance of the most abundant (“top 100”) Ig clonotypes on
DNA and RNA templates scored a strongly decreased diversity during the acute phase (Figures 2B-2E).
Noticeably the long-term kinetics of this alteration differed in RNA- or DNA-based repertoires: Although
the RNA-repertoire diversity was back to normal after recovery at M4 patients, the DNA-based analysis
eventually showed a persistent oligoclonal pattern (Figures 2B and 2C). Such uncoupled aspects suggest
that at M4, amplified clonotypes were more represented among circulating memory B-cells, than within
those cells the most actively transcribing Ig genes, i.e. circulating plasma cells. The transient loss of diver-
sity manifested in all of our severe COVID-19 patients, without any significant difference related to the
ARDS status (Figures 2 and S5).

To analyze the predominantly selected IGHV-JH gene rearrangements during COVID-19, we quantified
and clustered the differentially expressed IGHV-JH pairs (VJ pairs) at both DNA and RNA levels in
COVID-19 patients when compared to controls, with a p value of 0.05 and a false discovery rate (FDR) of
0.1 after the Benjamini-Hochberg correction using the EdgeR package. Twenty-one VH-JH pairs were
increased for DNA and RNA but with an overlap of 3 VJ pairs, IGHV2-5_IGHJ4, IGHV2-70_IGHJ4,
IGHV1-24_IGHJ5 (Table S3). Although associated with various JH segments, several VH genes also
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Figure 2. Oligoclonal response during SarsCov2 infection

Total size distribution frequency of the Ig repertoire sequenced reads of one healthy volunteer and 3 representatives
severe COVID-19 patients on DNA template (A). Gini diversity index of circulating Ig repertoires on DNA (B), membrane
and secreted Ig transcripts on RNA templates (C). Relative abundance of the top 100 circulating clonotypes on DNA (D),
membrane and secreted Ig transcripts on RNA templates (E).

appeared as overexpressed at both the DNA and RNA level, such as IGHV1-24, IGHV2-4, IGHV3-9,
IGHV3-11, IGHV3-23, IGHV3-30 and IGHV4-34. By contrast seventeen and four VH-JH pairs were down
regulated for DNA and RNA, respectively (Table S3). Heatmaps of differentially expressed VH-JH pairs
reveal that COVID-19 patients had an early and homogeneous bias of Ig repertoires at both DNA and
RNA levels by comparison to controls (Figure 3), with no significant difference between ARDSP?® and
ARDS"®9 patients in this approach. At M4, repertoire biases clearly persisted at the DNA level for about
2/3 of the patients.

Additional major changes of Ig expression at the RNA level were found during the acute phase (D0/D7) and
related to class/subclass usage in both ARDSP®® and ARDS"®9 patients (Figures 4 and S6A). This included a
strong and early (starting from DO0) increase of the [class-switched-lg/IgM] ratio (Figure 4A), mainly seen for
membrane transcripts and partially normalized in recovered patients. The same loss of IgM predominance
affected secreted transcripts in a delayed manner, only significant at D7. Both IgG and IgA expression were
increased but |gG predominated among switched transcripts, mostly with a strong increase of IgG1 and a rela-
tive decrease of 19G2/IgG3 (Figure 4B). This transient increase was equivalently observed in patients with or
without ARDS (Figure S6A). In addition, comparing the membrane and the secreted repertoires from the
same patients showed their increased overlap during the acute period (D0 and D7), i.e., with more abundant
shared clonotypes, as well as an increased proportion of secreted transcripts at the expense of membrane tran-
scripts (Figure 4C). These elements indicate ongoing plasma cell differentiation at this stage. When analyzing
sequences from successive time points in the same patient, an overlap also appeared between those clono-
types expressed at DO in the membrane form and at Day7 in the secreted form, although less abundantly in
ARDSP® patients who might develop less efficient humoral responses (Figure 4D).

COVID-19 repertoire CDR3 features in ICU patients

DNA and RNA repertoires showed differential evolution (Figures 5A-5F and S7). In contrast with the rep-
ertoires arising from DNA templates (Figure 5A), examination of CDR-H3 from RNA repertoires showed
that mean CDR-H3 length was significantly increased in the |g repertoires of COVID-19 patients during
the acute phase, compared with controls, but this did not persist at M4 (Figure 5B). Analyzing with more
details this transient increase, it in fact appeared the most significant for IgG (Figure 5E), with most notably
an amplification of IgG1 transcripts with long CDR-H3 (Figure 5F).

Both cohorts of ICU patients in fact slightly differed in the kinetics of this expansion. Although not statis-
tically significant, mean CDR3-H3 length of Ig transcripts appeared temporarily higher in ARDSP®® than
ARDS"®9 patients at Day 0. Relative expansion of this long CDR3 subset in fact occurred later and persisted
at M4 in ARDS"9 patients (Figure S7A). Analysis focused on specific Ig classes and subclasses showed for
each switched class of transcripts the same trend for longer CDR3-H length at Day0 contrasting with shorter
length at distance from the acute period, reaching significant difference for IgG and IgA switched tran-
scripts at M4 in ARDSP®® patients (Figures S7B and S7C).

COVID-19 repertoire SHM features

Assessing somatic hypermutation (SHM) on the total repertoire only showed a minor global increase during
the acute phase, before reaching a significantly higher SHM rate at M4 (Figures 5C, 5F-5H). Under more
precise scrutiny of the various Ig classes, SHM in fact showed a differential impact in ICU patients compared
to controls, initially increasing for IgM while apparently decreasing for IgG1 (Figures 5E and 5F). This acute
phase kinetics likely corresponds to the transient invasion of the switched B-cell compartments by recent
migrants, newly switched to 1gG (particularly IgG1 and 19gG3). For both yv1 membrane and secreted tran-
scripts, such recently switched cells first exhibited a lower SHM rate than controls (in whom y1 transcript
by contrast likely originated from memory cells). In all cases, SHM rate in y1 transcript however proved
higher than for p transcripts. In recovered patients at M4, all classes of transcripts, either switched or un-
switched, had reached a higher rate of SHM than measured in naive controls, especially for the y1 and
v3 membrane transcripts and for both membrane and secreted a transcripts.
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Figure 3. Immunoglobulin repertoire clusters by heavy chain gene segment usage

Heatmaps of variable heavy (IGHV) and joining (IGHJ) gene usage on DNA (A) and RNA templates (B) differentially
expressed between samples collected at DO and D7 from patients with or without ARDS versus healthy subjects. Each
heatmap displays normalized IGHV-IGHJ gene expression across the groups. Groups (upper line) have the following color
code: healthy subjects (red), patients without ARDS (yellow), patients with ARDS (red). Time points (second line) indicate
sampling day for healthy subjects (red) and for patients, Day 0 (DO, green), Day 7 (D7, dark green), Day 14 (D14, light blue),
Month 4 (M4, dark blue).

ARDSP®® patients also ended at M4 with the highest SHM load on y1 secreted transcripts, higher than in
P 9 P 9

ARDS"®9 patients. By contrast, ARDS"®9 patients showed a trend toward a higher rate of SHM on v3

secreted transcripts than ARDSP®® patients (Figure S7E).

Convergent anti-SARS-CoV-2 clonotypic response in severe COVID-19 patients

To characterize the COVID-19 response signature in the circulating B-cell repertoires of our patients, we
first searched for the presence of specific anti-SARS-CoV-2 clonotypes (SC for specific clonotype) listed
in the CovAbDab database (The Oxford Protein Informatics Group public database: http://opig.stats.ox.
ac.uk/webapps/covabdab/) which now documents thousands of published or patented human SARS-
CoV-2-specific binding antibodies and nanobodies.”® As reported in the literature,””*° we also searched
and found, convergent clonotypes (CCs) shared by different individuals of our cohorts in response to
COVID-19.

Although low, the relative representation of such “public” COVID-19 clonotypes in DNA and RNA reper-
toires from blood cells was significantly higher in severe COVID-19 patients than in controls, as a footprint
of the public human antiSARS-CoV-2 humoral response on individual repertoires (Figure 6A). As expected,
these public clonotypes were often associated with the IgM class at DO but underwent a class switch at D7,
largely toward IgG1 and IgA (Figure 6B), whereas their low SHM at D7 suggested that they were carried by
naive cells (Figure 6C). With regard to the clinical status, a noticeable difference appeared between
ARDS"®9 patients in whom public clonotypes were earlier associated with switched isotypes at DO and
ARDSP®® patients, in whom they first mostly associated with IgM, possibly reflecting a delay in class switch-
ing of the most specific clonotypes in those patients developing ARDS (Figure S5B). Of interest, the CDR-
H3 length of the SC clonotypes expressed in our ICU patients and homologous to specific anti-SARS-CoV-2
CoV-AbDab clonotypes, which intrinsically relate to the Ag-specific response, was significantly shorter than
the mean length of human control repertoires (Figure 6D). CCs identified among patients from our study
also showed no increase of CDR-H3 length by comparison to controls.

IgH repertoires characterized by CDR-H3 and SHM features, thus appear to include two superimposed rep-
ertoires: one with short mean CDR3 length including public clonotypes representative of the SARS-CoV-2-
specific response, shared between COVID-19 patients from this study or from previous studies, and the
other, preponderant in the expressed RNA analysis, characterized by enlarged hydrophobic CDR-H3 but
for which the precise CDR3 sequence remains private to each patient.

Layering of 2 clonally distinct responses identified at the DNA and RNA levels

RNA repertoires evaluate relative expression of each clonotype and show transient increase of Ig se-
quences with long CDR3 in COVID-19 patients. By contrast, DNA repertoires yielding a single functional
VDJ copy for each cell and thus evaluating relative cell numbers, failed to show any change in CDR3 length.
Analysis to the 100 most amplified clonotypes at the time of infection within the DNA repertoire even
showed a significant decrease in mean CDR-H3 length (Figure 7A), contrasting to the increased mean
CDR-H3 length characterizing the 100 most highly expressed clonotypes within RNA secretory repertoires
(Figure 7A). Of interest, considering these dominant repertoires, the membrane |g transcripts showed a
similar profile as the DNA repertoire with clonotypes carrying significantly shorter CDR-H3. Thus, the
distinct CDR-H3 length distribution of the most abundant cells (dominant DNA clonotypes) on one side,
and the most expressed Ig (dominant RNA clonotypes, originating from activated or differentiated cells)
on the other side, suggests that increased numbers of cells with short CDR3 (notably in the 10-14 aa range)
proliferate and durably persist at 4 months, while in parallel, cells with long CDR3 (above 20 codons), get
actively but transiently differentiated into plasma cells (in the DO-D7 period) (Figures 7B-7D).

Additional and noticeable CDR-H3 physicochemical properties differentially characterize these clono-
types. Predominant DNA clonotypes (with encoded CDR-H3 in the 10 to 14aa range) showed, on average,
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Figure 4. Changes of class/subclass usage, according to the membrane or secreted nature of Ig transcripts, during the SARS-CoV-2 infection
(A and B) Ig class (A) and 1gG subclass (B) distribution.

(C) Average distribution of circulating clonotypes between membrane and secretory repertoires within each repertoire.

(D) Frequency of transcripts from the DO membrane repertoire have shifted to the secreted repertoire at D7 in the same patient, according to ARDS status.

decreased hydrophobicity and increased polarity, with normal charge and basic/acidic side chain residue
content. By contrast, the specifically abundant RNA clonotypes ([long-CDR-H3] in the >20 aa range)
showed increased hydrophobicity and aliphatic index, together with decreased polarity and decreased
basic/acidic side chain residue content (Figure 7E). Noticeably, the latter features did not appear to be spe-
cific to SARS-CoV-2 infection but intrinsically linked to a subset of [long-CDR-H3] clonotypes which,
although less abundantly expressed, are already detectable in control naive repertoires (Figure S8).

Focusing on the top 100 clonotypes, these data demonstrate the superimposition among PBMC of two
different humoral responses, reflecting the amplification of two different sets of clonotypes. The [long-
CDR-H3] set represents increased expression (likely impacted by plasmablast and plasma cell expansion
which biases the RNA repertoire), and probably witnesses an early first line of defense which rapidly gen-
erates circulating Ig at the acute phase. The second set associates with the amplification of B cell clones
with a short CDR3, as captured by DNA repertoire changes persisting over time, and likely represents
the constitution of the memory B-cell pool.

DISCUSSION

Evolution of severe COVID-19 is an exemplary demonstration that protective immunity is not just a matter
of quantity of immune cells and mediators, but rather a matter of kinetics, with on-time and rapidly coor-
dinated innate and adaptive T and B-cell responses eventually able to control the viral burden and then
limit pathogenic dysregulated inflammation.®”* Interpreting immune responses in severe ICU patients
is not unequivocal, because not only hyperinflammation, but also hypoinflammation correlate with the
occurrence of ARDS, the most severe and potentially lethal complication of COVID-19.* Beside inflamma-
tion, various alterations of circulating immune cells were indeed found associated with a poor prognosis
and the eventual occurrence of ARDS. This included the early observation of lymphopenia, the expansion
of various myeloid suppressive cells, the increased circulation of TREG cells with specific phenotypes,
together with metabolic anomalies responsible for lymphoid dysfunction.’’*"**=*" Although B lympho-
cytes are major contributors to protective adaptive immune responses, they also participate to early innate
responses and carry immunoregulatory functions, but their role in the early evolution of severe COVID-19
remains unclear. In this study of ICU COVID-19patients evolving or not toward ARDS, we tried to obtain
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distribution (F) from RNA template. V region somatic hypermutation frequency for DNA repertoire (C) and according to membrane or secreted-type
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high resolution snapshots of the B cell landscape combining flow cytometry and molecular analysis of Ig
repertoires, to differentially analyze the architecture of the B-cell response and to search correlations
with early clinical evolution.

Increase in DN B-cells and plasma cells has been previously reported in COVID-19 patients.'"*"~** Postmor-
tem studies of lymph nodes and spleens from patients who died from severe COVID-19, noticed the local
abundance of extra-follicular DN B-cells, similar to those found in peripheral blood and including virus-spe-
cific B-cells, in situations where the deregulated immune response featured a defect of germinal center B
cells and T follicular helper cells.*® Here, flow cytometry analysis of blood lymphocytes identified 12 B-cell
metaclusters, not only including DN B-cells and CD24"*9/CD38"9" plasmablasts, but also with the pheno-
type of naive, memory, transitional as well as MZ B-cells. Some of these subsets have been suggested to
exert immunoregulatory functions, as indicated by PD-L1 expression on some plasmablasts and MZ
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CC clonotypes, on RNA template.

B-cells, whereas tSNE analysis additionally identifies DN B-cells and cells with the classical BREG CD24"s"/
CD27+ phenotype. Acute phase ICU COVID-19 patients, but also recovered patients, showed increased
recently differentiated transitional B-cells, memory B-cells, DN cells (IgD"®9/CD27"9), plasmablasts, and
CD24M9"/CD27+ BREG cells, expansion of such populations appearing earlier in ARDSP®® patients than
in ARDS"®9 patients. By contrast, PD-L1 expression was higher in ARDS"®® patients and might participate
to a better control of inflammation.

Regarding repertoire changes, oligoclonal expansion with clonotypes enriched both in cell number and
expression level was a prominent anomaly in all ICU patients and durably impacted the memory cell
compartment, with decreased diversity of the DNA repertoire at M4. The minor age differences between
COVID-19 patients (ARDS"®®: mean 57-year-old and ARDSP°® mean 64-year-old) and healthy controls
(mean 45-year-old) in our study makes it legitimate to assume that the M4 loss of diversity is a signature
of the recent disease. An age bias indeed appears unlikely in such groups of adults, because in prior sci-
entific literature, variations of diversity attributed to immune senescence were only reported in very old
adults compared to young individuals (mean 82.7 versus 23.8 years old, respectively).””

Broad B-cell activation during the acute phase also translated into increased SHM of IgM-associated clo-
notypes and a major shift from IgM to class-switched Ig expression involving both IgA and IgG but the
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strongest for IgG1 (sparing IgG2 and 19gG3) and for secreted-type transcripts, in agreement with plasmacy-

tosis. ARDSP?® patients then showed a delay in the class switching of convergent clonotypes by comparison
to ARDS"®9 patients. In the acute phase, ARDS"®9 patients also showed a more efficient shift of some
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clonotypes from an early expression as membrane-type transcripts to a late expression as secreted lg, sug-
gesting earlier secretion of the corresponding antibodies.

In addition to the ARDS-associated delay in CSR of SARS-CoV2 clones, SHM of IgG3 secreted transcripts
was lower in ARDSP?® than in ARDS"®9 patients, suggesting less efficient maturation of the Ag-specific
response. By reference to the altered germinal centers documented postmortem in COVID patients with
fatal evolution,**“?it s also possible that alterations of lymphoid structures differentially contribute to evo-
lution of ARDS"9 and ARDSP®® patients, with increased extra-follicular commitment eventually resulting in
decreased GC entry. In agreement with other studies,””***® IgH transcripts from the 1gG class (most
notably y1 and v3) globally carried a lower SHM load in our patients at D7 than in controls. Although
this low SHM rate of IgG1 was previously interpreted as indicating that COVID-19 does not initiate robust
SHM, analysis of successive timepoints however suggests that this could simply mark the transient expan-
sion and circulation of newly switched cells. SHM indeed clearly occurs for p transcripts in these patients,
and the mean SHM level in D7 v transcripts, although lower than in control memory cells, is however already
higher than for D7 um transcripts, before finally reaching at M4 the same level as for v transcripts from con-
trol memory cells. These data also fit with single cell analysis which previously documented near germline
SARS-CoV-2-specific Ig sequences in the initial stage of the disease whereas they were lately found modi-
fied by SHM in memory cells several months after recovery.”® That SHM occurs after CSR does not stand as a
COVID-related specific feature but perfectly fits with the now acknowledged order of events, with CSR
demonstrated to mostly occur before the entry into germinal centers and to SHM during normal immune
responses.”’

Regarding VDJ associations and CDR3 assembly, the immune response of patients is marked by a COVID-19
footprint, with increased occurrence of specific VH-JH pairs and of clonotypes abundantly represented
within the CovAbDab database of known anti-spike Abs. Such COVID-related clonotypes first associate
with IgM expressed at DO, but later associate with class-switched |g, the latter association being significantly
higher in ARDS"®9 patients. Another striking aspect of the early class-switched response is the specific
expansion of a [long CDR-H3] subset of abundantly transcribed clonotypes, which was higher in ARDSP®®
patients. CDR3 features in fact highlighted two parallel variations of the Ig response in patients. A standard
Ag-specific Ig response including SARS-CoV-2- specific and convergent clonotypes with normal CDR3
length develops and is the most durable, persisting after recovery. Its long-term impact on the DNA reper-
toire rather than on the RNA repertoire indicates that it is supported by memory B cells rather than plasma
cells. In parallel but more transiently, occurs an early increase of expressed Ig with long, hydrophobic and
aliphatic CDR3. It associates with an early class-switched response and is probably of lower specificity, as a
first line of defense rapidly yielding circulating Ig at the acute phase in a context of exacerbated inflamma-
tion. Fast kinetics of this response correlates with the occurrence of ARDS. The prognosticimplication of this
inflammatory B-cell response among ICU patients, is reminiscent of the extra-follicular B cell response evi-
denced by cell cytometry, the amount of which correlates with ARDS in our study, and which was previously
reported to be stronger in severe COVID-19 patients than in those with mild disease."' This element also
argues for a fate decision of immune cells according which a bias toward stronger engagement into the ex-
tra-follicular rather than the germinal center pathway would be correlated with a bad prognosis.

CDR3 length is a clonally stable feature, unaffected by late VDJ remodeling in activated B-cells. The two B
cell compartments identified by specific Ig repertoire and CDR3 features are thus clearly disconnected and
cannot correspond to successive activation stages of the same B-cell clones. Rather, they likely correspond
to cells with differential activation requirements and differential functions. Although such a study in pa-
tients obviously remains descriptive, our data point not only on two different B-cell activation pathways,
either extra-follicular or GC-dependent, but also the involvement of B cell subsets with disconnected
repertoire structure and dynamics. Repertoire features indeed define an early and transient inflammatory
B-cell response in parallel to the conventional Ag-specific response.

In conclusion, our results characterize in details two parallel aspects of the B-cell response in ICU COVID-19
patients. They also suggest the existence of an optimal ratio between these two B-cell arms in severe
COVID-19, because the expansion of inflammatory repertoire (featuring long, hydrophobic and uncharged
CDR3 regions) correlates with ARDS. Whether the inflammatory features of the B cell response either sim-
ply witness pathologic inflammation, or early participate to deleterious inflammation or immunosuppres-
sion will remain to be determined in other models.

¢? CellPress

OPEN ACCESS

iScience 26, 106260, March 17, 2023 13




¢? CellPress

OPEN ACCESS

Limitations of the study

By separately analyzing DNA templates which can characterize B cell diversity independently from their
gene expression level, and RNA templates expected to vary in abundance, class-switch and splicing,
this study intends to highlight those B-cell compartments which are specifically mobilized by the response
to COVID-19. These molecular analyses might however have limitations regarding their translation into
cellular and physiological aspects of the immune response. Notably, plasma cells undergo a strong (about
7-fold up-regulation) but still incomplete switch from membrane-type to secreted-type transcripts,’” and
this strong trend still do not provide an absolute marker of plasma cell Ig transcripts vs lymphoid tran-
scripts. Beyond the plasma cell case, RNA repertoires evaluate B-cell transcriptional activity but their
connection with B-cell activation remains to be fully described. Their overlay with the DNA repertoire, re-
flecting B cell numbers, will need to be more extensively incorporated to future studies, whereas charac-
terization of sorted B-cell subsets will also help elucidate the functional sub-structure of Ig repertoires.
Finally, and as for any study in the complex situation of the ICU, we should acknowledge that preexisting
baseline differences between the groups of patients included could participate to some of the variations
observed in the kinetics of their immune response to COVID-19.
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Deposited data
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Covabdab database

This paper

Raybould et al*®
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https://opig.stats.ox.ac.uk/webapps/
covabdab/
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Primers for DNA IGH library, see Table S4 This paper N/A

Primers for RACE-RepSeq IGH library, This paper N/A
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Software and algorithms

Python 3.9

R 4.0.1
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IMGT HighV-Quest

FlowSOM

FlowCore
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Adobe Photoshop CS5 version 12.0 x64

Python Software Foundation
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Gupta et al.”?

Shugay et al.*

the international ImMunoGeneTics information

system. Brochet et al.*

Saeys Unit - Data Mining and Modeling for
Biomedicine, University of Gent

Life Sciences Department, Computational
Biology Program, Division of Public Health
Sciences, Fred Hutchinson Cancer Research
Center, Seattle, Washington 98,109-1024,
USA.

Beckman Life Science

Adobe Systems

https://www.python.org/
https://www.r-project.org/
https://immcantation.readthedocs.io/
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https://www.imgt.org/IMGTindex/
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Van Gassen et al.”®

Ellis B, Haaland P, Hahne F, Le Meur N,
Gopalakrishnan N, Spidlen J, Jiang M,

Finak G (2022). _flowCore: flowCore: Basic
structures for flow cytometry data_. R package
version 2.10.0.
https://www.beckman.fr/en/flow-cytometry/

software

https://www.adobe.com/fr/photoshop/

Alakazam Interdepartmental Program in Computational Gupta et al.*?
Biology and Bioinformatics, Yale University,
New Haven, CT 06511

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Virginie Pascal (virginie.pascal@unilim.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

RACE-RepSeq data have been deposited at GEO and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table. DNA repertoire and FCM data reported in this pa-
per will be shared by the lead contact upon request.

All original code is available in this paper’s supplemental information.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient recruitment and sampling

Blood samples from 35 ICU patients (30 for flow cytometry, 28 for DNA repertoire, 19 for RNA repertoire)
infected with SARS-CoV-2 and admitted at University Hospital Centers from Rennes (22), Limoges (9) and
Lyon (4), were included in this study. Patients with preexisting malignant or immune disorders or under
immunosuppressive therapy were excluded. Individuals were tested for SARS-CoV-2 by real-time
reverse-transcriptase—-polymerase-chain-reaction (RT-PCR) using nasopharyngeal swabs. Patients tested
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positive were enrolled in the study upon ICU admission, due to severe symptoms of COVID-19 and were
followed over multiple time points (DO, D7 and 4 months after admission). Among the 35 patients with se-
vere COVID-19, 22 with ARDS (63%) and 13 without ARDS (37%). Samples from healthy volunteers, recruited
between the ages of 18 and 75 and free from any pathology (COVID-19 negative, cell blood count, blood
creatinine and serum immunoglobulin level without particularity), were used as controls for flow cytometry
(9 samples) and DNA and RNA repertoires (26 and 24 samples, respectively). Comparison of clinical
features of controls and patients were provided in Tables S1 and S2.

Ethics statement

All enrolled participants gave written, informed consent in accordance with the Declaration of Helsinki. The
study design was approved by our ethical committee (CHU Rennes, n°35RC20_9795_HARMONICOV,
ClinicalTrials.gov Identifier: NCT04373200).

METHOD DETAILS

Blood samples processing and storage

For Flow cytometry, Peripheral Blood Mononuclear Cells (PBMCs) were obtained by gradient centrifuga-
tion from EDTA samples and stored in DMSO at —80°C. For characterization of circulating repertoires,
the Paxgene kit (Qiagen, Germantown, USA) was used to extract genomic DNA and total RNA from whole
blood. Nucleic acids were stored at —80°C until experiments were performed.

Flow cytometry

Multiparametric flow cytometry (FCM) analysis was performed on 62 thawed PBMC samples. Monoclonal
antibody (mAb) combination used for this study was IgD-FITC/PDL1-PE/CD27-PC5.5/CD45-KO/CD38-
PC7/CD24-APC/CD10-APC-AF700/CD19-APC-AF750 (detailed in key resources table). Data acquisition
was performed with a Navios flow cytometer and list mode data files (LMD) were re-analyzed with Kaluza
software (Beckman-Coulter, Miami, FL, USA). LMD files from controls, ARDSP°* and ARDS"® patients at
Day 0 (D0) Day 7 (D7) and Month 4 (M4), were separately merged with Kaluza. Bi-exponential transformation
was performed using “estimateLogicle” and “transform” functions of the flowCore R package (https://git.
bioconductor.org/packages/flowCore). Self-Organizing Map (SOM) for flow cytometry and t-distributed
stochastic neighbor embedding (t-SNE) analyzes were performed on CD45"9", SS low CD19 positive gated
B-cells using the FlowSOM R package.”” Overlay of tSNE graphs was done with the Adobe Photoshop*
software (version 12.0 x64, Adobe Systems Incorporated, San Jose, CA).

DNA IGH library preparation

IGH CDR3 regions were amplified and sequenced from 750 ng of total DNA. Two steps were performed to
polymerase chain reaction (PCR) amplification of IGH gene rearrangements. First, we amplified genomic
DNA with primers BIOMED-2.° We incorporated barcodes with a second PCR (nested PCR). Sequences
are provided in Table S4.

Sequencing was performed using a Miseq apparatus and MiSeq Reagent Kit v3 (600-cycles) (Illumina, San
Diego, CA, USA). Library preparation began with PCR amplification on 750ng of blood DNA with AmpliTaq
Gold (Thermofisher) using BIOMED-2 primers. Cycling conditions were 30 sat 98°C, 34 cycles of 10 sat 98°C,
30sat62°C, 30 sat 72°C and final elongation 5 minat 72°C. PCR products were purified using 1.8x volume of
purification beads (HighPrep™ PCR Clean-up System — Gaithersburg, USA) and resuspended in 40uL of wa-
ter. Thereafter, lllumina adapter and tag sequences were added by primer extension. For this,
PCR product (2plL) was reamplified with Tag Phusion (NewEngland Biolabs®). Cycling conditions were
30 seconds at 98°C, 12 cycles of 30 seconds at 98°C, 30 seconds at 62°C, 30 seconds at 72°C, and final elon-
gation 5 minutes at 72°C. The PCR products were, once again, purified using 1.8 x volume of HighPrep™
purification beads and resuspended in 40ul of water. Finally, libraries were quantified by Qubit dosage
(Thermofischer).

RACE-RepSeq IGH library preparation

For each sample, 500 ng of total RNA was reverse-transcribed to cDNA by a 5'RACE PCR using a
ProtoScript Il (New England Biolabs) and a cap race primer carrying unique molecular identifiers
(UMIs) associated with consensus reverse primers for IgH Cu, Cy and Ca constant region. For each of
the 1, v, and & mRNA, the initial cDNA synthesis relied on two types of reverse primers, hC(n)-Mb-race
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or hC(n)-Sc-race, respectively targeting either the membrane-type exons (M1 or M2), or the specific
secreted-type segments of the last CH exon (CHS). This RACE-PCR strategy separately evaluated the
repertoire of either membrane-type (Mb) (mostly relevant to lymphocytes), or secreted-type (Sc) (most rele-
vant to plasma cells) IgH transcripts (primer sequences listed in Table S4).

For preparing libraries, 5 ul of cDNA were amplified with Taq Phusion (New England Biolabs), using a uni-
versal forward primer and a nested reverse primer selected within the CH1 exon of the Cp, Cy and Ca
genes. For Cy transcripts, consensus CH1-anchored primers were chosen identical to all v genes, but
with amplicons including an initial CH1 segment as a unique identifier of each of the y1, ¥2, y3 and y4 iso-
types. Cycling conditions were 2 minat 98°C, 32 cycles of 10 secat 98°C, 30 secat 62°C, 45 secat 72°C and
final elongation 5 minat 72°C. PCR products were purified using (0.6 x reaction volume) AMPure XP beads
(Beckman Coulter), and resuspended in 20ul of NEB elution buffer (Qiagen). Thereafter, 150ng of amplified
product was barcoded and tagged with lllumina adapters through 12 cycles of primer extension with Tag
Phusion (30 seconds at 98°C, 30 seconds at 65°C, 30 seconds at 72) with a final elongation 5 minutes at 72°C.
Tagged PCR products were purified using (0.6 x reaction volume) AMPure XP beads and mixed with a stoi-
chiometric ratio. Resulting libraries were gel purified (QIAGEN), quantified by gPCR (NEBNext Library
Quant Kit for lllumina - New England Biolabs) before sequencing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sequencing and data analysis

Libraries from DNA or RNA templates were sequenced with an lllumina MiSeq, standard Illumina
sequencing primers and MiSeq Reagent Kit v3 (600 cycles). For DNA libraries, paired-end reads were
merged using the flash software®’ and concatenating non-overlapping pairs. For RNA libraries, the migec
script”® was used for UMI-demultiplexing, sequence correction and consensus assembly. The IGHV, IGHD,
and IGHJ gene segments and the CDR-H3 junctions were identified using the IMGT/HighV-QUEST
sequence alignment software.*> Quality filtering of sequences only kept reads including a productive
CDR-H3 region. For cDNA-templated IGH reads, isotypes and subclasses were called by matching to
the constant region gene segment. Sequences were finally assembled into clonal groups with the
Change-o toolkit’® based on common IGHV gene, IGHJ gene and junction length and a maximal Hamming
distance between junction amino acid sequences. Each clonal group is identified by a unique set of IGHV
gene, IGHJ gene and a junctional coding sequence, corresponding to the most frequent CDR3 sequence
of this clonal group.

The isotypes were determined by searching for the sequences of the isotype-specific primers IGHM, IGHG
and IGHA described in Table S4. IGHG subclasses were defined by comparing 5 nucleotide bases in the
IGHG sequences distinguishing IGHG1, IGHG2, IGHG3 and IGHG4 genes:

e chr14:105743011>G (IGHG1, IGHG3); chr14:105743011>A (IGHG2, IGHG4)
e chr14:105743013>G (IGHG1, IGHG3); chr14:105743013>A (IGHG2, IGHG4)
e chr14:105743025>A (IGHG1); chr14:105743025>G (IGHG2, IGHG3, IGHG4)
e chr14:105743036>A (IGHG1); chr14:105743036>G (IGHG2, IGHG3, IGHG4)
e chr14:105743051>G (IGHG1, IGHG2, IGHG3); chr14:105743051>G (IGHG4)

For each repertoire, the gini diversity index and the proportion of membrane and secretory clonotypes
were calculated and repertoires restricted to the 100 most represented circulating clonotypes were gener-
ated. Subclass fractions were determined for each subject by dividing the number of clones for a given sub-
class by the total number of clones for that isotype category. In parallel, the average length of CDR-H3 and
the median somatic mutation frequency of reads were calculated for each clone. Physico-chemical prop-
erties of clonotypes were calculated by using R package alakazam.*®

Differentially expressed (DE) IGHV-IGHJ germinal pairs were identified between controls, and patients with
and without ARDS at DO and D7 after admission for adjusted p value <0.05 (Benjamini-Hochberg multiple
testing correction) (edgeR R package). Hierarchical clustering heatmaps of the DE IGHV-IGHJ pairs were
represented for all samples collected at DO, D7, D14 and Month 4 (M4) after admission including controls,
using the euclidean distance for IGHV_IGHJ, the Pearson distance for samples, and the Ward.D2 linkage
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method for IGHV-IGHJ pairs and samples (complexHeatmap R package). DE IGHV-IGHJ pairs were anno-
tated by their abundance in the CoV-AbDab database.”® The CoV-AbDab database used for the heatmaps
consisted in 2696 distinct COVID-19 Human antibodies (Ab) published between May 4th, 2020 to Nov 1st,
2021, corresponding to 209 distinct Human IGHV-IGHJ pairs. While many of these pairs feature private
clonotypes, with single or rare (<5) occurrences in the database, the 25% most represented of these pairs
accounted for more than 80% of all the Abs included in the CoV-AbDab (culminating with 179 occurrences
for the IGHV3-30_IGHJ4 pairs). To identify convergent rearranged IGH and CoV-AbDab clonotypes among
patients with SARS-CoV-2 infection, we retrieved hits on the CoV-AbDab database for each clonal group,
based on the same IGHV gene, IGHJ gene and a minimum of 90% CDR-H3 amino acid sequence similarity.

Statistical analysis

Statistical tests were performed in GraphPad Prism 8.4.3 with unpaired t test. In all analyses where statistical
significance was tested, significance was defined as: ***p value <0.001; **p value <0.01; *p value <0.05; not
significant (NS): p value >0.05. Analysis of variance and non-parametric Wilcoxon tests were performed
with R.
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