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Whereas pathogen-specific T and B cells are a primary focus of interest during infec-
tious disease, we have used COVID-19 to ask whether their emergence comes at a cost
of broader B cell and T cell repertoire disruption. We applied a genomic DNA-based
approach to concurrently study the immunoglobulin-heavy (IGH) and T cell receptor
(TCR) P and & chain loci of 95 individuals. Our approach detected anticipated reper-
toire focusing for the IGH repertoire, including expansions of clusters of related
sequences temporally aligned with SARS-CoV-2-specific seroconversion, and enrich-
ment of some shared SARS-CoV-2-associated sequences. No significant age-related or
disease severity—related deficiencies were noted for the IGH repertoire. By contrast,
whereas focusing occurred at the TCRf and TCR$ loci, including some TCRf
sequence—sharing, disruptive repertoire narrowing was almost entirely limited to many
patients aged older than 50 y. By temporarily reducing T cell diversity and by risking
expansions of nonbeneficial T cells, these traits may constitute an age-related risk factor
for COVID-19, including a vulnerability to new variants for which T cells may provide
key protection.

next-generation sequencing | antigen-receptor repertoires | SARS-CoV-2 | adaptive immune responses
immunoPETE

Severe disease and death caused by SARS-CoV-2 infection appear to be largely due to
failures and/or dysregulation of the immune response in vulnerable populations (1).
Thus, most SARS-CoV-2 infections are asymptomatic or pauci-symptomatic, particu-
larly among younger people, who, by measures of diversity and functional responses,
have greater adaptive immunocompetence than do the elderly (2, 3).

In addition to providing host protection, adaptive immune functions may contribute
pathologic mediators, including B cell autoreactivities associated with specific disease-
related characteristics in many patients with COVID-19 (4, 5). Additionally, early B
cell responses after SARS-CoV-2 infection in some donors are enriched in cross-
reactive memory B cells, including those against seasonal coronaviruses, which are of
uncertain protective benefit (6). Collectively, these examples illustrate the importance
of considering the dynamics of immune responses beyond those that are pathogen
specific.

Over 2 y since the start of the pandemic, age remains the most evident predisposing
factor for COVID-19 severity (7), evoking the increased susceptibility of older persons
to other newly emerged viruses, including West Nile virus and SARS-CoV-1 (8, 9).
The sequence richness of the CD4" and CD8" T cell receptor (TCR) repertoires is
reduced in older persons relative to younger persons (10) and may underlie such vul-
nerabilities. This raises the question of how age might affect the mobilization of
antigen-receptor repertoires in response to SARS-CoV-2 infection.

The COVID-19 pandemic has provided a unique opportunity to interrogate naive
responses to a novel human pathogen. To examine this at scale, we describe here the
application of immunoPETE, a newly developed, genomic DNA (gDNA)-based tech-
nique permitting simultaneous characterization of antigen-receptor repertoires for the
major adaptive lymphocyte subsets: B cells (immunoglobulin heavy chain [IGH]
sequences); af T cells (TCRP chain and TRB sequences), which comprise two distinct
subsets; CD4™ and CD8™ cells; and y8 T cells (TCRS chain and TRD sequences),
which comprise V817 and V82* T cells.

Whereas many studies have offered important insights into antigen-receptor reper-
toires in active COVID-19 (11-15), our study builds on those by uniquely harnessing
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Fig. 1. Application of immunoPETE to the COVID-IP Study cohort enables
efficient, high fidelity, and quantitative recovery of TRB, IGH, and TRD
CDR3s from peripheral blood mononuclear cells (PBMCs). (A) Summary of
workflow for samples recruited into the present study. MACS: magnetic-
activated cell sorting. *Not all donors had longitudinal blood sampling.

2of 12 https://doi.org/10.1073/pnas.2201541119

an array of technical and methodological approaches. Thus,
immunoPETE combines gDNA-based sequencing, used in
other COVID-19 repertoire studies (15), with unique molecu-
lar identifier (UMI)-based deduplication of clonal expansions
and correction of PCR sequencing errors; cell sorting to segre-
gate functionally distinct CD4" and CD8* populations;
human leukocyte antigen (HLA) typing to enhance clustering
and determination of shared specificities within CD4" and
CD8" T cell populations; and TRD sequencing permitting a
real-time comparison of the responses of qualitatively distinct
V31 and V&2 subsets to a defined human virus infection.
Studying 95 individuals comprising hospital-treated patients
with COVID-19 and seropositive [sero(+)] and seronegative
[sero(—)] individuals, we found clear adaptive response patterns
in each lymphocyte subset studied. Repertoire focusing at the
IGH locus was generalizable, with the expansion of related
sequence clusters temporally aligned with seroconversion.
Whereas TRB repertoires also showed similar shared sequence
expansions, these were conspicuously buffered by the scale and
diversity of the T lymphocyte compartments in most individu-
als aged <50 y, whereas they exerted much more disruptive
effects in many individuals aged >50 y, who likewise displayed
major disruptions in TRD repertoire diversity. Such impacts
may limit the capacity to recognize diverse challenges (e.g.,
coinfections and emerging new variants) and may afford undue
prominence to expanding nonneutralizing and/or self-reactive
clones. Thus, they should be considered an additional age-
related disease risk, monitoring of which may help inform the
management of COVID-19 and of other infections.

Results

Antigen-Receptor Repertoires in COVID-19. To understand the
impact of SARS-CoV-2 infection on T and B cell repertoires,
we applied the protocol shown in Fig. 14 to compare 32
hospital-treated patients with COVID-19 (active COVID-19);
20 healthy, convalescent, sero(+) individuals exposed to SARS-
CoV-2 who were not hospitalized; and 43 nonexposed, healthy,
sero(—) adult control individuals. For all participants (S/
Appendix, Table S1), detailed immune profiling, serological anal-
yses, and detailed clinical annotation (including World Health
Organization severity scoring) were available based on their

**Not all healthy control samples were run through the full COVID-IP Study
pipeline. All samples had SARS-CoV-2 serology data. (B) Recovery of CDR3s
from sero(-) (n = 47), sero(+) (n = 26), mild (n = 10), moderate (n = 26), and
severe (n = 16 CD4*; n = 15 CD4~ fraction) samples by immunoPETE. gDNA
(2 x 250-ng replicates) was used for CD4™ library preparation (prep) and
1,000 ng of gDNA (4 x 250-ng replicates) was used for CD4~ library prepa-
ration. Bar indicates the median value. Mann-Whitney U test results are
shown. (C) Correlation between immunoPETE and flow cytometry (cyto).
Percentage of TRB, IGH, and TRD CDR3s recovered by immunoPETE sequenc-
ing in the CD4~ fraction (y-axis) versus percentage of CD3* (n = 112), CD19*
(n = 112), and TCRy8* (n = 112) assayed by flow cytometry (x-axis) of the
same sample. Spearman’s correlation was used for analysis. (D) Correlation
of overall CD4* TRB (Left) and CD4~ TRB (Right) diversity with frequency (freq)
of naive (CD45RATCCR7*) CD4* (n = 107) or CD8" T cells (n = 106), respec-
tively, as previously reported in the COVID-IP Study. Spearman’s correlation
was used for analysis. Note that the color code for each cohort is maintained
throughout all the figures that follow and the criteria for cohorts are detailed
in the SI Appendix, Materials and Methods. (E) Correlation of overall CD4* TRB
(Left) and CD4~ TRB (Right) diversity metrics. Shannon entropy (SE), D50,
Simpson's dominance (SD) with frequency of naive (CD45RATCCR7%), Tem
(CD45RA™CCR7*T central memory), Tgm (CD45RA™CCR7™T effector memory),
and Temra (CD45RAYCCR7 T effector memory RA) CD4* (n = 107), or CD8*
T cells (n = 106), respectively, as previously reported in the COVID-IP study.
Color scale denotes Spearman’s r. Unadjusted P values are displayed.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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enrollment in the COVID immunophenotyping (COVID-IP)
study (16).

Many individuals were aged >50 y (S/ Appendix, Fig. S1A
and Table S1), and because this is reportedly the most overt
inflection point in the risk of COVID-19-associated death
(17-19), we used age to segregate the antigen-receptor reper-
toire analyses, which were also segregated into those obtained
up to 14 d after symptom onset (“early”), those obtained after
that time (“late”), and those who were either asymptomatic
sero(+) individuals in the community or asymptomatic hospital-
ized donors admitted for unrelated conditions (“unknown”).
This temporal division is important for patients positive for
COVID-19 who were aged >50 y to be compared with younger
patients who invariably recovered earlier. Note that the color-
code used for each cohort in Fig. 1 is maintained throughout all
data figures. As expected, the severe COVID-19 subcohort was
enriched in male patients (S Appendix, Fig. S1B).

gDNA-Based Repertoire Sequencing. First, CD4" T cells were
purified from freshly harvested peripheral blood mononuclear
cells by magnetic bead separation (Fig. 14). We considered the
CD4-depleted (CD47) T cell fraction as primarily a de facto
source of CD8% af T cells (since blood harbors very few
CD4 CD8™ af T cells); B cells; and yd T cells.

We selected the IGH, TRB, and TRD loci for global assess-
ment, because they encode greater reservoirs of repertoire diver-
sity than do the immunoglobulin (Ig) light chain, TCRa, and
TCRy loci, which also have leakier allelic exclusion that con-
founds correspondence of productively rearranged gene sequen-
ces with cell numbers. Furthermore, TCRy rearrangements are
common in aff T cells and prevent use of the y chain to assess
vd T cell diversity in unsorted populations (20).

Antigen-receptor repertoires were assessed using immuno-
PETE, an assay that includes primer mixes targeting all known
human IGHV, IGH], TRBV, TRB], TRDV and TRDJ genes,
and provides unprecedented capability to concurrently sequence
all three antigen-receptor chains from one sample. This is of par-
ticular importance in lymphopenic settings such as COVID-19
where clinical material may be very limited. The use of UMIs,
which have hitherto mostly been applied to RNA-based antigen-
receptor repertoire analyses, allows the numbers of individual
clonal cells with an identical V-CDR3-J sequence to be quantified
with greater confidence. Moreover, it allows identification of
sequencing and PCR errors, which are apparent as rare variants of
a consensus sequence with identical UMIs (87 Appendix, Fig. S2 A
and B). The power of this error suppression is evidenced by the
application of immunoPETE to two clonal T cell lines, HuT78
and Jurkat, with >99% of gDNA templates recovered being of a
monoclonal origin for both cell lines (S Appendix, Table S2).

Template lengths range from 170 to 210 nucleotides (inter-
quartile range), thereby capturing comprehensive information
on V, D, and ] gene segment usage and on unique P and N
nucleotide-mediated contributions to each CDR3. All nonpro-
ductive V-D-] rearrangements were excluded, as were any arti-
factual hybrid sequences. Real-world assay reproducibility was
evidenced when we assessed technical duplicate libraries from
the CD4" fraction, using 250 ng of input DNA per library and
quadruplicate libraries from the CD4™ fraction, which contains
multiple cell types at lower representation. In each case, there
was extremely high concordance between replicates in the per-
centage of each chain recovered, with mean SEs between
0.05% and 0.49% (SI Appendix, Fig. S3). Additionally, immu-
noPETE could reproducibly determine repertoire diversity,
measured by Shannon entropy (a.k.a., Rényi a = 1) for which
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normalized values approaching 1.0 reflect diverse, polyclonal
repertoires (21). Again, use of replicates showed very high con-
cordance with mean SEs in Shannon entropy, ranging from
0.0004 to 0.0093 (SI Appendix, Fig. S4).

Any sequencing approach is theoretically vulnerable to
amplification biases introduced during multiplex PCR, attribut-
able to, for example, mispriming or selectively lesser priming
efficiency. However, all target TRBV genes were recovered with
relatively similar hierarchies in the CD4" and CD4~ fractions
(81 Appendix, Fig. S5 A and B) and, overall, there was good cor-
relation for the relative representations of TRBV genes in both
CD4" and CD4™ fractions across donors (SI Appendix, Fig. S5
C and D), albeit less so in the CD4~ fraction, consistent with
the greater oligoclonality (reduced entropy) of CD8" versus
CD4™ T cells (SI Appendix, Fig. S4). These data demonstrate
the consistent performance of immunoPETE such that any
primer bias does not preclude intrastudy comparisons. None-
theless, to permit interstudy comparisons, we sought to assert
the comparability of immunoPETE outputs with other inde-
pendent, publicly available datasets. Indeed, the TRBV and
TRB]J hierarchies identified by immunoPETE correlated signifi-
cantly with published datasets of TRBV and TRBJ gene usage
in adult peripheral blood determined either by other sequenc-
ing methods (22, 23) or by flow cytometry (24) (SI Appendix,
Fig. S6 A and B). Thus, immunoPETE consistently recovered
all TRBV genes and displayed no gross amplification biases
when benchmarked against independent assays.

The effective practical application of immunoPETE was evi-
dent in our obtaining on average ~23,000 productive TRB
CDR3s from 500 ng (2 X 250-ng technical replicates) of DNA
derived from the CD4" fraction (Fig. 1B). The slightly lower
recovery of CD4" TRB CDR3s from patients with active
COVID-19 likely reflects COVID-19-associated T cytopenia
that was particularly severe for CD8" T cells and V82" T cells
(16, 25-27) and that was reflected in TRB and TRD showing the
poorest sequence recoveries from the CD4™ fraction (Fig. 1B).

Importantly, there was a striking correlation of recovered
IGH, TRB, and TRD CDR3 sequences with flow cytometric
enumeration of cells in aliquots parallel to the sequenced sam-
ples (Spearman’s » > 0.8; P < 0.0001) (Fig. 1C). Given this
robust and quantitative nature of immunoPETE, we could
draw equivalence of productively rearranged CDR3s to cell
counts, a frame of reference used from this point on. In total,
250 aggregate next-generation sequencing libraries, one each
for CD4" and CD4 "~ fractions, were constructed and analyzed,
including some longitudinal samples primarily from patients
with active COVID-19. Our analysis provides data derived
from ~6.5 million antigen-receptor chain sequences. In a rapid
and basic biological test of this dataset, we observed highly sig-
nificant correlations of Shannon entropy with the frequencies of
CD45RATCCR7" off T cells that largely denote unexpanded,
naive T cells that would be expected to be highly diverse (Fig.
1D). Likewise, we found strong and inverse correlations of Shan-
non entropy with the frequencies of canonical memory T cell
subsets that would be expected to be clonally expanded (Fig.
1E). Because different measures of population diversity can be
variably affected by, for example, dominant clone sizes, we
supplemented Shannon entropy measures with measures of
D50 (the proportion of unique clones, ordered by dominance,
accounting for 50% of all CDR3s; low values reflect clonal
expansions), and of Simpson’s dominance (high values reflect
clonal expansions). Again, we observed consistent, strong, and
significant correlations of D50 and Simpson’s dominance with
the frequencies of canonical memory T cell subsets (Fig. 1 E).
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IGH Sequence Focusing and Clustering in COVID-19. Assess-
ments of individual protection against SARS-CoV-2 are mostly
based on antibody titers. Thus, with immunoPETE established
as a robust method for tracking lymphocyte repertoires, we first
interrogated the effect of COVID-19 on the IGH repertoire.
Indeed, Shannon entropy and Simpson’s dominance measure-
ments revealed significant IGH focusing (i.e., overrepresentation
of IGH sequences suggestive of clonal expansion) for individuals
sampled within 14 d of symptoms relative to sero(-) control par-
ticipants (Fig. 24). By D50, there was significant focusing in
those aged <50 y and a trend for those aged >50 y (Fig. 24).
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largely renormalized at later time points, suggesting a strong
temporal association with disease duration (Fig. 24).

It might be expected that sequence focusing following virus
exposure would be reflected in expansions of structurally similar
clones, with shared specificities. Using the “DefineClones.py”
script in the “change-o0” toolbox (SI Appendix, Materials and
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Fig. 2. IGH clustering and repertoire focusing associated with SARS-CoV-2 exposure. (A) Overall IGH repertoire diversity assessed by Shannon entropy,
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Simpson’s dominance (S dom) and D50. The bar indicates the median value. Kruskal-Wallis test with post hoc Dunn’s test against age-matched sero(-) con-
trol individuals was used for analysis; the unadjusted P values are shown. (B) IGH CDR3s clustered (clust) as a proportion of total IGH CDR3s. The bar indi-
cates the median. Kruskal-Wallis test with post hoc Dunn'’s test against age-matched sero(-) control individuals was used for analysis; unadjusted P values
are shown. (C) Within-cluster IGH repertoire diversity assessed by Shannon entropy, D50, and Simpson’s dominance. The bar indicates the median. Kruskal-
Wallis test with post hoc Dunn's test against age matched sero(-) control individuals was used for analysis; the unadjusted P values are shown. (D) IGH rep-
ertoire focusing within clusters assessed by Shannon entropy (Left) as well as normalized (norm) anti-spike IgM titers (Right) plotted by time from symptom
onset (1-wk bins). (F) Heat map of correlations with IGH Shannon entropy in individuals with active COVID-19. Color scale denotes Spearman'’s r with corre-
sponding P values indicated within each cell. Nonsignificant correlations (P > 0.05) were left blank. (F) Fraction of IGH CDR3s occupied by the sum of CoV-
AbDab IGH CDR3 matches per sample (including clustered-related sequences). The bar indicates the median. Kruskal- Wallis test with post hoc Dunn'’s test
against age matched sero(-) control individuals was used for analysis; the unadjusted P values are shown. (G) Average representation of CoV-AbDab IGH
CDR3 matches measured by fraction of total IGH CDR3s per sample (including clustered-related sequences). The bar indicates the median. Kruskal-Wallis
test with post hoc Dunn's test against age matched sero(-) control individuals was used for analysis; the unadjusted P values are shown. (H) Heat map of
correlations with the total repertoire fraction occupied by CoV-Ab Dab IGH CDR3 matches (including related clustered sequences). Color scale denotes
Spearman’s r with corresponding P values indicated within each cell. Nonsignificant correlations (P > 0.05) were left blank. (A-C) Age: <50 y: sero(-) (n = 30);
<50 y: early (n = 9); <50 y: unknown (n = 23); >50 y: sero(-) (n = 17); >50 y: early (n = 17); >50 y: late (n = 17); and >50 y: unknown (n = 11). (D) IGH Shannon
entropy: sero(-) (n = 47); 1 wk (n = 14); 2 wk (n = 12); 3wk (n = 7); 4 wk (n = 4); 5 wk (n = 4); and >6 wk (n = 3). For spike IgM: sero(-) (n = 34); 1 wk (n = 14);
2wk (n=12); 3wk (n =7); 4 wk (n =5); 5wk (n = 2); and >6 wk (n = 3). Freq, frequency; Unk, unknown.
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fraction of total IGH sequences that could be found in struc-
turally related clusters. This was also true as a trend for those
aged >50 y, and it was overt in several participants across a
range of disease severities (Fig. 2B). The clustered fraction of
the repertoire has a significantly lower Shannon entropy in
SARS-CoV-2-exposed individuals than in sero(-) control par-
ticipants, diagnostic of significant clonal expansions within the
clusters (Fig. 2C). Additional metrics also revealed significantly
reduced diversity of clustered IGH sequences from SARS-CoV-2—
exposed individuals (Fig. 2C). We found a temporal drop in
Shannon entropy over a time frame of ~3 wk after symptom
onset, slightly preceding but largely coincident with the develop-
ment of spike-specific IgM (Fig. 2D).

IGH Repertoire Architecture and Antigen-Specific Responses.
We next found that IGH focusing (low Shannon entropy) in
individuals with active COVID-19 strongly correlated with
high plasmablast frequency measured by flow cytometry and,
albeit more modestly, with IgM antibodies to spike, RBD, and
N proteins (Fig. 2E). To further assess whether the observed
focusing was likely driven by SARS-CoV-2-reactive clones, we
retrieved IGHV-CDR3-IGHJ sequences from the CoV-AbDab
database (28), which contained 2,203 fully human SARS-CoV-2
reactive Igs as of July 9, 2021. Although antigen specificity reflects
VH and VL sequence composition, VH chains commonly make
dominant contributions (29). We found 51 instances of exact
IGHV-CDR3-IGHJ matches, representing 23 unique sequences,
some of which were found in multple samples. Moreover, almost
half (z = 11 of 23) (5] Appendix, Table S3) were contained within
the aforementioned IGH clusters, which we showed to be
expanded in SARS-CoV-2—exposed donors (Fig. 2C). When we
included IGHV-CDR3-IGH]J sequences that were very close rela-
tives of the direct matches, a total of 33 CoV-AbDab—associated
sequences matches (7 = 61) were found across multiple samples.

As anticipated, CoV-AbDab-associated sequences were sig-
nificantly enriched in SARS-CoV-2—exposed individuals (active
COVID-19, n = 21; sero(+), n = 6) relative to sero(—) individ-
uals (z = 3; P < 0.0001 by Fisher’s exact test) (S/ Appendix,
Table S4). Moreover, those sequences were expanded within
individuals with active COVID-19, relative to sero(-) individu-
als, since they collectively, and on average, accounted for a sig-
nificantly higher fraction of an individual’s total repertoire (Fig.
2 Fand G). In individuals harboring such sequences, the frac-
tion of the repertoire to which they contributed, albeit small,
was strongly correlated with repertoire focusing, with SARS-
CoV-2 serology, and with plasmablast frequencies (Fig. 2H)
consistent with SARS-CoV-2 reactive clones driving repertoire
focusing, as would probably have been expected. Nonetheless,
the benefit of SARS-CoV-2 reactive antibodies cannot be uni-
versally assumed. In fact, the most widely shared IGH sequence
between our cohort and CoV-AbDab (CDR3-CARGFDYW)
was found exclusively in SARS-CoV-2—-exposed individuals
(n =17 of 52) but contributes to nonneutralizing S-reactive anti-
bodies (28, 30, 31) and has been reported in Kawasaki disease
(32) (see Discussion).

Changes in TRB Repertoires in COVID-19. We next turned our
attention to the impact of COVID-19 on aff T cell repertoires
from the same individuals for whom IGH data had been
obtained. First, we asked whether there was any evidence for
viral superantigen-mediated polyclonal targeting of T cells
expressing defined VB genes, since this has been considered to
occur in COVID-19 (33) and in post—=SARS-CoV-2-associated,
pediatric, muldsystem inflammatory syndrome (34). Our
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analyses failed to find significant differences between individu-
als with active COVID-19 and sero(-) individuals in the repre-
sentation of any of TRBV5-6, TRBV11-2, TRBV13, TRBV14,
or TRBV24-1 genes that were collectively implicated in those
studies (Fig. 34 and SI Appendix, Fig. S7).

Nonetheless, there were modest but significant differences in
the representation of a small number of V genes among CD4*
and CD8™ T cells of individuals with active COVID-19 versus
sero(—) control individuals (Fig. 34 and S/ Appendix, Fig. S7).
Strikingly, TRBV6-4, which showed the most significant differ-
ence in the CD8" compartment, being underrepresented in the
active COVID-19 cohort, is disproportionately expressed by
“unconventional” CD8" mucosal-associated invariant T cells
that have been described as severely cytopenic in COVID-19
(35) (Fig. 34). In sum, COVID-19 was associated with some
significant V-associated changes, but the overall architecture
of the aff TCR repertoire remained diverse and lacked any
dominant TRBV gene representation that would reflect overt
superantigen responses.

Age-Related TCRVf Focusing in COVID-19. As for IGH, we next
investigated how the overall architecture of the TRB repertoire
was affected by COVID-19. Surprisingly, we found that by
contrast to IGH, significant reductions in Shannon entropy
and increases in Simpson’s dominance were not a general trait
of the CD4" compartment, but rather were limited to SARS-
CoV-2—exposed individuals aged >50 y sampled within 14 d of
symptom onset (Fig. 3B). Compared with CD4" TRB, entropy
values for CD8% TRB were lower among sero(-) individuals
(Fig. 30), consistent with the greater degree to which CD8* T
cells show clonal expansions in response to myriad environmen-
tal exposures (36, 37). Nonetheless, the CD8" TRB repertoires
of SARS-CoV-2-exposed individuals aged >50 y sampled
within 14 d of symptom onset showed a significant increase in
Simpson’s dominance and a trend toward decreased Shannon
entropy and D50 compared with sero(-) control individuals
(Fig. 30). Again, this was not a collective trait of those aged
>50y, as sero(—) and sero(+) (“unknown”) individuals of both
age groups showed comparable diversity metrics. Thus, the dif-
ferences seen in SARS-CoV-2—exposed persons >50 y are a
function of age and of disease rather than of either alone. Sug-
gesting similar underlying mechanisms in both off compart-
ments, the degree of CD4" TRBV-repertoire focusing correlated
strongly with CD8% TRBV-repertoire focusing. Additionally, it
is evident from the color-coded data (Fig. 3 Band () that those
with the highest degree of focusing spanned a spectrum of dis-
ease severities.

To ensure that these conspicuous, age-related impacts on the
af T cell compartment did not simply reflect lower numbers of
sequences recovered (a potentially confounding variable in lym-
phopenia), each sample was subsampled to 1,200 (CD8") or
2,400 (CD4™) cells (samples with fewer than these numbers of
cells were excluded), and medians of metrics that were com-
puted from 100 such resamples were reported as “subsampled”
values. Strikingly, reductions in entropy and increases in domi-
nance were now even more overt for those aged >50 y, being
significant for CD4% and CD8" cells by all measures (S/
Appendix, Fig. S8 A and B), whereas no significant changes
were observed for patients with COVID-19 aged <50 y (87
Appendix, Fig. S8 A and B). Interestingly, by every entropy or
dominance metric, the TRB repertoires of those aged >50 y
returned toward normal at later time points after symptom
onset, indicating a potential for renormalization.
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Fig. 3. Age-related repertoire changes in CD4* and CD8* T cells associated with COVID-19. (A) Box plots of CD4~ TRB V gene family use as a proportion of
the unique CDR3s (i.e., each unique CDR3 is treated equally regardless of clone size) in samples (n = 47) from sero(-) individuals and samples (n = 51) from
individuals with active COVID-19. TRBV genes with significantly different utilization between cohorts are highlighted in red. Median, interquartile range, and
range values are plotted. The Mann-Whitney U test was used for analysis; unadjusted P values are displayed. *P < 0.05, **P < 0.01, ***P < 0.001, ****pP <
0.0001. (B) Overall CD4* TRB repertoire diversity assessed by Shannon entropy, D50, and Simpson’s dominance (S dom). For CD4" TRB metrics: age <50 y:
sero(-) (n = 30); <50 y: early (n = 9); <50 y: unknown (n = 23); >50 y: sero(-) (n = 17); =50 y: early (n = 17); >50 y: late (n = 18); and >50 y: unknown (n = 11).
(C) Overall CD4~ TRB repertoire diversity assessed by Shannon entropy, D50 and Simpson’s dominance. For CD4~ TRB metrics: age <50 y: sero(-) (n = 30);
<50 y: early (n = 9); <50 y: unknown (n = 23); >50 y: sero(-) (n = 17); >50 y: early (n = 17); >50 y: late (n = 17); and >50 y: unknown (n = 11). The bar indicates
the median. Kruskal-Wallis test with post hoc Dunn'’s test against age-matched sero(-) control individuals; unadjusted P values are shown. (D) Defining SAR-
S-CoV-2-associated TCR clusters. Circles represent individuals (identified by numbers) and exposure to SARS-CoV-2 (color). Clusters are built from all TCRs
present in individuals with a specific HLA gene, in this example, HLA B*07:02, by grouping similar CDR3s. We tested each of such raw clusters for overrepre-
sentation of SARS-CoV-2-exposed [active COVID-19 and sero(+)] or sero(-) individuals by Fisher's exact test (significance set at P < 0.05). A representative
cluster built from CD4~ TRB sequences of one sero(-) individual and six SARS-CoV-2-exposed individuals on an HLA B*07:02 background is shown. (E) Heat
map showing overlap of previously described SARS-CoV-2 antigen-specific TCRs (17) with the present dataset. Shown here are 12 of 344 peptide-specific
sequences on the HLA-A*02:01 background from the study by Shomuradova et al. (17). Overlap was present in two of eight individuals with active
COVID-19, 4 of 9 sero(+) individuals and 0 of 17 sero(-) individuals (indicated by the shaded cell). Color scale indicates the proportion of total CD4~ repertoire
in each sample occupied by overlapped clones.
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Given that CD8" T cells are documented to be more clonally
focused than CD4™ T cells, there was a theoretical potential for
our observations to be confounded by the purity of CD4" and
CD4 ™ fractions, respectively. Therefore, we examined the rela-
tionship between fraction purity and TRB clonal metrics. Evi-
dently, the positively selected CD4™ fraction was very pure, with
all but six samples containing <1% contamination by CD4~
T cells. Unsurprisingly, there was a correlation of clonal focusing
with the degree of CD4™ contamination, but it was weak and
clearly did not drive the marked clonal focusing we observed in
individuals aged >50 y (SI Appendix, Fig. S9A). Indeed, exclu-
sion of the six outliers with >1% contamination by CD4~
T cells did alter the pattern of our observations for the CD4*
fraction (S7 Appendix, Fig. S9B). Predictably, the CD4™ fraction
was enriched for CD8" T cells but had a variable degree of con-
tamination by CD8” (CD4" and double-negative) T cells.
Importantly, we observed no correlation in the CD4™ fraction
between purity and clonal metrics (SI Appendix, Fig. S9C).

TRBV Sequence Clustering in COVID-19. We next sought evi-
dence for repertoire changes imposed by antigen-specific
responses to SARS-CoV-2. Because the TCRs of conventional off
T cells are major histocompatibility complex (MHC) restricted,
we first used DNA typing to identify discrete MHC class 1
(n = 21) and class II alleles (7 = 28) shared across at least eight
individuals, and for each of those HLA alleles, we then assessed
TRBV-CDR3-] sequences (>2 million unique CD4" TRB
sequences; ~900,000 unique CD8* TRB sequences) for cluster-
ing (SI Appendix, Table S5). As an example, 43,957 CD8" TRB
sequences were contributed by 9 HLA-B*07:02% SARS-CoV-
2—exposed individuals, while 81,342 CD8* TRB sequences were
contributed by 11 HLA-B*07:02" sero(-) individuals (Fig. 3D).
Given the diversity of HLA alleles of individuals in our study, it
was not possible to match all alleles for each clustering run.
Thus, we could not unequivocally attribute all of the aforemen-
tioned CD8"* TRB sequences to HLA-B*07:02—restricted T cells,
although it seems logical to assume that the sequences will be
highly enriched in those contributing to HLA-B*07:02—restricted
TCRs. Therefore, we proceeded to cluster the sequences using
GLIPH2 (38), which infers similar peptide-MHC specificities
from the structural and biochemical properties predicted for dis-
crete amino acid sequences and their close relatives (SI Appendix,
Materials and Methods).

If clusters are driven in large part by antigen-specific TCRs
responsive to virus infection, then their composition would be
anticipated to be contributed to primarily by SARS-CoV-2—
exposed individuals. One such cluster is shown for HLA-
B*07:02" individuals (Fig. 3D), with sequences contributed by 6
of 9 SARS-CoV-2—exposed individuals and by only 1 of 11
sero(-) HLA-B*07:02" individuals (P < 0.05 by Fisher’s exact
test). Clustering of TCRs was performed for every HLA allele for
which we had a sufficient number of donors in SARS-CoV-2—
exposed and —unexposed cohorts. Most clusters (7 = ~25,000)
contained similar representation from both cohorts, attesting to
the scope of the TCRp repertoire beyond any impact of SARS-
CoV-2. Nonetheless, across all HLA alleles assessed, >3,000 clus-
ters (7 = 2,993 clusters, containing 21,869 CD4" TCRs; = 511
clusters containing 3,458 CD8"* TCRs) were significantly overcon-
tributed to by SARS-CoV-2—exposed individuals (Fisher's exact
tes; SI Appendix, Table S5), whereas only one single cluster (in
the CD4" compartment) showed significant over-representation
of sero(-) individuals (87 Appendix, Table S5). Despite the exag-
gerated TRB repertoire focusing in older patents (Fig. 3 Band O),
the proportions of unique TRB repertoires that were found in
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clusters were comparable for SARS-CoV-2—exposed individuals
aged <50 y and those aged >50 y (8] Appendix, Fig. S10 A and
B). Hence, the older patients achieve an equivalent end point
but set against a more disruptive impact on the global reper-
toires, presumably reflecting greater expansions of TCRs within
clusters and/or expansions of clones outside of clusters that
might reflect dysregulation of T cells that are not virus specific.

TRBV Antigen Specificity in COVID-19. While TRB sequences
do not alone determine specificity, they commonly contribute
key signatures of antigen reactivity, a fact that underpins
GLIPH2-based clustering. Thus, focusing on donors positive
for HLA-A*02:01, the most frequently encountered HLA allele
among our SARS-CoV-2-exposed and control cohorts, we
asked whether their TCRs overlapped with 344 TCRs reported
to bind SARS-CoV-2 spike peptide YLQPRTFLL presented by
HLA-A*02:01 (39). Indeed, we identified an overlap of 12 TRB
sequences that was highly specific to both virus exposure and HLA
background (i.e., it occurred in 6 of 17 HLA-A*02:01*SARS-
CoV-2—exposed individuals, but in none of 21 HLA-A*02:01*
sero(—) individuals, and in no SARS-CoV2-exposed individuals
who were not HLA-A*02:01%) (Fig. 3£). Although this degree
of overlap might seem slight, it was greater than the overlap
reported when two different assays (tetramer-staining versus
cytokine-release assays) were used to identify YLQPRTFLL-
reactive T cells in the primary source study (39). The rela-
tively private nature of the aff TCR response is evidenced by
only 1 of the 12 overlapping TCRs being detected in more

than one donor.

Age-Related Adaptive V51 Cell Responses. We next asked
whether age-related impacts on the aff T cell compartment were
mirrored by 8 T cells that compose a second T cell lineage (40)
with the potential to make adaptive responses following SARS-
CoV-2 exposure (16, 24, 27). In fact, there have been very few
opportunities to examine human y8 TCR-repertoire responses to
defined infections encountered within a known period. Opera-
tionally, human y8 T cells are typically viewed as two distinct
subtypes. V81" T cells use the TRDVI gene, are relatively rare in
blood by comparison with extralymphoid tissues, and can seem-
ingly make adaptive clonal expansions, albeit with uncertainty as
to the driving antigens. V82" T cells use the 7RDV2 gene and
are regarded as innate-like, based on their polyclonal responses to
phospho-antigens (PAgs), which are low-molecular-mass meta-
bolic intermediates of microbes and of virus-infected cells.

As for the af T cell response, we again observed significant
reductions in Shannon entropy and D50 and an increase in Simp-
son’s dominance for TRDVI sequences in SARS-CoV-2—exposed
individuals aged >50 y, but not for those aged <50 vy, relative to
age-matched sero(-) control individuals (Fig. 4 A and B). This
focusing could be graphically illustrated by tree maps, where each
unique clone is represented by a circle and the size of the circle
represents the number of copies of that clone; thus, tree maps
with evenly sized circles are polyclonal, while those dominated by
a few large circles are clonally focused and oligoclonal (Fig. 4B).

Age-related TRDV1 clonal focusing was detected in early
samples and was sustained in late samples. Perhaps reflective
of this durability, significant focusing was also detected (by
Simpson’s dominance) among sero(+) samples (Fig. 4A4),
and it was seen in individuals with active COVID-19 regard-
less of disease severity (Fig. 4C). These observations argue that
TRDVI focusing was most likely driven by virus exposure, consis-
tent with which the decrease in 7RDVI Shannon entropy was
significantly and strongly correlated with the expansion of
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>50 y: early (n = 15); =50 y: late (n = 13); and >50 y: unknown (n = 11). The bar indicates the median value. Kruskal-Wallis test with post hoc Dunn'’s test
against age-matched sero(-) control individuals was used for analysis; the unadjusted P values are shown. (B) Representative tree maps of TRDV7 repertoire
from two seronegative individuals aged >50 y (Left two panels) and two individuals aged >50 y with active COVID-19 (Right two panels). Each circle repre-
sents a unique clone, and the size of the circle is proportional to the size of the clone (numbers = clone count). (C) TRDV1 repertoire focusing assessed by
Shannon entropy in samples from individuals aged >50 y exposed to SARS-CoV-2 plotted by severity of disease [sero(-), n = 17; sero(+)+mild, n = 11; moder-
ate+severe, n = 30]. The bar indicates the median. Kruskal-Wallis test with post hoc Dunn'’s test against age-matched sero(-) control individuals was used for
analysis; the unadjusted P values are shown. (D) Correlation of TRDVT repertoire focusing (loss of Shannon entropy) and absolute numbers of CD45RA*/
CD27 V&1 cells per milliliter of blood assayed by the COVID-IP Study (n = 81). Only samples with >30 TRDV7 CDR3s were analyzed for repertoire diversity
and plotted. Spearman correlation was used for analysis. (E) Correlation of TRDV1 repertoire focusing, Shannon entropy (SE), D50, and Simpson’s dominance
(SD) with CD4* and CD4~ TRB focusing. Only samples with >30 TRDV1 CDR3s were analyzed for repertoire diversity and plotted. The color scale denotes

Spearman’s r. Significant correlations are denoted with asterisks. Unadjusted P values are displayed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

CD45RA*CD27~ V81* T cells (Fig. 4D), which emerged as
one of only two immunological correlates of virus titers in the
COVID-IP study, the other being natural killer cell numbers
(16). Clonal expansions of human CD45RATCD27~ V817 cells
have been observed in the blood in several settings, including
cytomegalovirus (CMV) reactivation (41-44), but this is seem-
ingly the first clear example of such an adaptive response in relation
to acute viral infection.

There was a statistically significant correlation of 7RDVI
focusing with CD4" and CD8" TRB focusing (Fig. 4£), but
in contrast to TRB or IGH sequences (Fig. 3F and S/
Appendix, Table S3), very few TRDVI sequences were shared
across donors, and none was significantly enriched in SARS-
CoV-2—exposed individuals, suggesting that the V81 responses
in COVID-19 are almost exclusively private. Likewise, very few
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public sequences were reported in other settings of V81 focus-
ing (42). Likely, V81" TCRs are mostly not specific for
pathogen-derived antigens but react to myriad molecular sentinels
of dysregulation directly resulting from virus infection. Indeed,
the CDR3 lengths, which can be highly variable for TRDVI,
showed comparable distributions across SARS-CoV-2—exposed
individuals, sero(-) individuals, and a prior analysis of human

breast-resident V81 TCRs (45) (S Appendix, Fig. S11).

Age-Related V52 Cell Losses. Consistent with the prominence
of V82" T cells in peripheral blood, most TRD CDR3s were
TRDV2-D-] rearrangements in sero(—) individuals of all ages
tested. This was also true for SARS-CoV-2—exposed individuals
aged <50 y, albeit there was interindividual variation as is

well established for peripheral blood Vy9V&2™ cells (46, 47)
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(Fig. 54). By contrast, the contributions of V827 cells were sig-
nificantdy reduced in SARS-CoV-2—exposed individuals aged
>50 y (Fig. 5A). Indeed, consistent with flow cytometry data
from the COVID-IP study, >50% of patients with COVID-19
who were aged >50 y and sampled within 14 d of symptom
onset had 7RDV2 sequences collectively accounting for less than
half of all TRD sequences (Fig. 54).

Interestingly, 7RDV2-sequence depletion from the blood was
highly selective. V82 PAg reactivity requires the pairing of Vy9
with V82 and largely relies on a CDR39 that includes a leucine,
valine, or isoleucine residue at position 97 (d97 LVI) (48, 49).
Whereas d97 LVI sequences accounted for ~80% of the
TRDV2 sequences in sero(-) individuals, this was reduced to
between 9% and 70% for many SARS-CoV-2-exposed indi-
viduals aged >50 y (Fig. 5B), whereas no such changes were
evident in those aged <50 y (Fig. 5B). Thus, there was a highly
selective, age-related depletion of blood PAg-reactive V82*
T cells. However, by contrast to 7RDV1I focusing, age-related
d97 LVI depletion correlated with disease severity, albeit it was
also apparent for several individuals who had experienced mild
or moderate disease (Fig. 5C). Unlike, V&1t T cells, there was
no consistent evidence of clonal focusing in the V82* T cell
compartment in relation to SARS-CoV-2 exposure (Fig. 5D),
in accordance with the frequent classification of V82" T cells
as innate-like.

In sum, the application of immunoPETE to concurrently
sequence the global IGH, TRB, and TRD repertoires has
revealed several notable traits of COVID-19, including signifi-
cant, generalizable IGH-repertoire focusing, possibly as antici-
pated. By contrast, SARS-CoV-2-associated global changes to
the ap and y8 T cell repertoires were predominantly seen in
individuals aged >50 y (Fig. 6 A and B) with no evidence of
association with sex (Fig. 6 Cand D), another major risk factor

for severe COVID-19.

PNAS 2022 Vol. 119 No.34 2201541119

Discussion

In this study, we have applied a protocol for gDNA-based anti-
gen receptor sequencing to assess at-scale the concurrent
impacts of infection on the IGH, TRB, and TRD repertoires.
Being gDNA based, our approach provided information about
cell numbers that strongly correlated with flow cytometry data
and may, therefore, prove powerful for samples such as post-
mortem formalin-fixed, paraffin-embedded tissues, that are
refractory to other forms of cell enumeration. Erroneous
sequence calls were greatly reduced by including UMIs, which
is particularly important in relation to template-independent
CDR3 sequences and somatic mutation in Ig genes.

Aside from vaccination, there have been few opportunities to
measure the establishment of adaptive immune responses to a
known challenge incurred at a reasonably well-defined time
point. Indeed, there have been few opportunities to measure the
architectures of such responses in the context of overt immune
dysregulation, sometimes in life-threatening settings, as was the
case for some of the patients in the COVID-IP study from
whom we obtained antigen-receptor sequences (16). It is, there-
fore, noteworthy and encouraging that despite such multifaceted
immune dysregulation, extensive and dynamic sequence cluster-
ing in the IGH and TRB repertoires, together with some overlap
with SARS-CoV-2-associated sequences and some level of
sequence sharing, albeit minor, was strongly suggestive of virus
antigen—specific responses across age groups and across disease
severity. Thus, immunoPETE has demonstrated robust charac-
terization of antigen repertoires in real-world clinical samples.

In the face of the continuing COVID-19 pandemic, vaccina-
tion and serological monitoring are backbones of the public
health response, in which regard it is noteworthy that B cell
repertoire dynamics were largely comparable across age groups
and severity indices. By contrast, the T cell compartments
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Fig. 6. Disruptive T cell repertoire responses in SARS-CoV-2 are associated with age. Principal component analyses (PCAs) of age-related T cell repertoire
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SARS-CoV-2 exposure (Right), demonstrating a significant difference in PC1 between cohorts. (B) PCA of T cell repertoire responses in samples from donors
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of PC1 split by sex (Right). Mann-Whitney U test was used for analysis.

(i.e., off and yd) unexpectedly diverged from the B cell com-
partment in demonstrating markedly different repertoire
responses to COVID-19 in those aged >50 y versus those
aged <50 y. This evokes flow cytometric and functional evi-
dence for age-related chaotic dysregulation in the adaptive
immune compartment in COVID-19 (50). Unfortunately, a
limitation of this study was the rarity of longitudinal samples
obtained at equivalent sampling intervals or at equivalent
points after symptom onset. Thus, there was insufficient power
to detect any clear trajectories of high-abundance clones collec-
tively composing the top 1%.

Given that age remains one of the most significant risk fac-
tors for infectious-disease severity, even after correction for age-
related comorbid conditions (7), one may consider whether
age-associated exaggerations of TRB and/or TRD repertoire
focusing may be contributory factors. By definition, exagger-
ated focusing would limit T cell diversity that may be particu-
larly important vis-a-vis antibody-escape variants of concern
and/or other coinfections. Additionally, exaggerated focusing
may include disproportionate bystander expansions with poten-
tial to be immunopathogenic. In COVID-19, these TCR-
repertoire disruptions were also set against a backdrop of
marked age-related losses of V82 sequences required to main-
tain innate-like responsiveness to PAgs that are a sentinel of
infection by myriad bacteria and viruses. Collectively, these
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points are particularly germane to a scenario by which
COVID-19 is becoming endemic and, as the world emerges
from a zero-COVID policy, the burden of morbidity will fall
disproportionately on the elderly.

A largely unresolved immunological question of clinical
importance is whether adaptive responses to virus infection are
limited to antigen-specific B and off T cells, or whether they
include potentially protective responses of human y8 T cells,
for which the adaptive versus innate status has been oft debated
(51-53). While V81* clonal expansions were reported in
human blood and liver (42, 43, 54), the provoking stimuli are
largely unelucidated, with data supporting and questioning,
respectively, a role for CMV (42, 43). By contrast, our study
has provided an unique association of bona fide adaptive V51
responses with a live virus challenge, as evidenced by a correla-
tion of decreased TRDVI entropy with V81* cell expansions
that, in turn, correlated with virus load (16). However, the lack
of any COVID-19-associated sequence sharing supports, prima
facie, the prospect that expanded yd cell sequences may reflect
reactivity to virus-induced changes in endogenous antigen
expression rather than to virus (55). This underscores the
importance of assessing immunological responses beyond those
that are directly SARS-CoV-2 specific.

In considering the causes of age-related T cell repertoire dis-
ruptions, it is probably inappropriate to consider that those

pnas.org



Downloaded from https://www.pnas.org by THE FRANCIS CRICK INSTITUTE on August 15, 2022 from |P address 212.219.94.138.

aged >50 y are intrinsically T cell immunodeficient since they
ordinarily harbor rich CD4" and CD8" T cell repertoires (10).
However, those aged >50 y may harbor greater percentages of
senescence-associated CD57" CD28 p16" T cells that are
refractory to clonal expansion (56), perforce leaving responses to
be dominated by larger expansions of smaller numbers of clones.
Moreover, an identical outcome would result from the need to
expand antigen-specific, naive T cells in order to combat newly
emerging pathogens, since the naive T cell compartment in older
persons has a very uneven geometry featuring many distinct,
highly unequal expansions of private specificities (10).

An alternative, but not mutually exclusive, viewpoint is that
marked clonal focusing at early time points in individuals aged
>50 y may reflect a prompt recruitment and expansion of pre-
existing T cells primed to related antigens (e.g., seasonal coro-
naviruses) (57, 58), which those aged >50 y are more likely to
harbor. However, whether those T cells are immunoprotective
against SARS-CoV-2 remains unclear (57, 58). This evokes
similar findings demonstrating that early B cell responses after
SARS-CoV-2 infection were enriched in cross-reactive memory
B cells, including against seasonal coronaviruses, that were of
uncertain protective benefit, whereas late B cells responses were
enriched in neutralizing SARS-CoV-2 RBD-specific B cells
(59).

The disruptive response architectures of those aged >50 y
would not necessitate a poor outcome; they would simply consti-
tute a potentially significant added risk factor contributing to the
upward inflection point for the probability of COVID-19—
associated death for those aged >50 y. Note that our attempts
to parse responses into other age groups failed to identify a
clearer segregation of TCR responses than those between peo-
ple older or younger than 50 y, respectively. Such disruptive
adaptive immunity might likewise have contributed to the
added risk incurred by older persons encountering SARS-CoV-1
and West Nile virus, when those infections first emerged in
humans (8, 9). And it may likewise contribute to relatively poor
first-dose immunogenicity in older persons and patients with
cancer of vaccines against neo-antigens, including SARS-CoV-2,
whereas memory T cell responses to CMV, Epstein-Barr virus,
influenza, and tetanus appeared largely normal (60-62).

In sum, there are many potential hazards of reduced TCR
diversity that are a collateral cost of mobilizing SARS-CoV-2/
COVID-19-reactive T cell immunity in many persons aged
>50y. As such, this is an age-related risk factor for which clini-
cal decision-making might be enhanced by readily available
information on the status of the TRB and TRD repertoires in
COVID-19 and in other infectious diseases.

Materials and Methods

Study Design and Participants. Peripheral blood samples were obtained
from 95 donors, including patients treated for COVID-19 at Guy's and St. Thomas'
NHS Trust (London, UK); and both sero(+) and sero(-) healthy control individuals
based at King's College London (full cohort details are listed in SI Appendix,
Table S1). All donors were recruited as part of the COVID-IP study (16) and had
given written informed consent. This study was approved by the ethics approval
board of the King's College London Infectious Diseases Biobank (REC 19/SC/
0232). Paired serology, flow cytometry, cytokine assay, and SARS-CoV-2 PCR data
were available for most donors through their enrollment in the COVID-IP study.
Full details of study design and donor cohorts are provided in the SI Appendix,
Materials and Methods.

Magnetic Bead Separation and Generation of Antigen-Receptor Libraries
Using ImmunoPETE Protocol. Peripheral blood mononuclear cells isolated

by Ficoll gradient separation were split into CD4* and CD4~ fractions using

PNAS 2022 Vol. 119 No.34 2201541119

magnetic bead separation (Miltenyi, CD4 Microbeads). Genomic DNA was iso-
lated from both fractions and used to generate quantitative TCRB, TCRS, and
immunoglobulin-heavy chain libraries from a single-well assay using the immu-
noPETE protocol from Roche Sequencing Solutions. The immunoPETE protocol
combines V gene priming and extension with UMI-tagged oligos, followed by
J-primer extension and library amplification of bead-purified PCR products from
the initial V primed extension. The full experimental protocol is provided in the
SI Appendix, Materials and Methods.

Data Processing and Statistical Analysis. A Roche in-house bioinformatics
pipeline was used to process sequencing data with additional use of R, version
4.0.3, CRAN available packages. Prism 9 (GraphPad Software) was used for data
visualization. Statistical tests were performed using either Prism 9 or R, version
4.0.3, and are specified in accompanying figure legends. All tests were two
sided unless otherwise specified. Full details of data processing and analysis are
provided in the SI Appendix, Materials and Methods.

Data Availability. Sequencing data is available in the AIRR Data Commons
(63) and is accessible using the iReceptor Gateway (http:/gateway.ireceptor.org/)
(64) with study accession ID IR-Roche-000001. Software for immunoPETE is avail-
able at https://github.com/bioinform/Daedalus (65).
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