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Rapid affinity optimization of an anti-TREM2
clinical lead antibody by cross-lineage
immune repertoire mining

Yi-Chun Hsiao 1, Heidi Ackerly Wallweber2, Robert G. Alberstein 3,
Zhonghua Lin1, Changchun Du4, Ainhoa Etxeberria5, Theint Aung1,
Yonglei Shang1,6, Dhaya Seshasayee1, Franziska Seeger3, Andrew M. Watkins3,
DavidV.Hansen 5,7, Christopher J. Bohlen5, Peter L. Hsu 2& IsidroHötzel 1

We describe a process for rapid antibody affinity optimization by repertoire
mining to identify clones across B cell clonal lineages based on convergent
immune responseswhere antigen-specific cloneswith the sameheavy (VH) and
light chain germline segment pairs, or parallel lineages, bind a single epitope
on the antigen. We use this convergence framework to mine unique and dis-
tinct VH lineages from rat anti-triggering receptor on myeloid cells 2 (TREM2)
antibody repertoire datasets with high diversity in the third complementarity-
determining loop region (CDR H3) to further affinity-optimize a high-affinity
agonistic anti-TREM2 antibody while retaining critical functional properties.
Structural analyses confirm a nearly identical binding mode of anti-TREM2
variants with subtle but significant structural differences in the binding
interface. Parallel lineage repertoire mining is uniquely tailored to rationally
explore the large CDR H3 sequence space in antibody repertoires and can be
easily and generally applied to antibodies discovered in vivo.

The development of therapeutic antibodies requires several steps of
molecular engineering that optimize different aspects of antibody
binding, specificity, effector and recycling functions. This often includes
affinity optimization for enhanced potency, reduced dosing volumes or
frequency, robust monovalent binding in complex format molecules
and increased target engagement in immune-privileged organs. Anti-
bodies derived from immunized animals have usually undergone affinity
maturation in vivo in a process of somatic mutation and clonal expan-
sion and selection1. Therefore, relatively large screening efforts often
result in one or more leads of sufficient affinity and potency that do not
require further affinity optimization. However, the affinities of some
antibody leads may not meet the requirements for certain therapeutic
applications and need further engineering for affinity.

A diversity of antibody affinity optimization methods with dif-
ferent strengths and limitations have been developed. Many of the
methods rely on antibody libraries based on in vitro display systems to
select for higher affinity variants using differentmethods for sequence
diversification usually entailing relatively laborious steps of library
construction and selection2–8. Mining of antibody repertoire deep
sequencing datasets has also been used to optimize antibody affinity
rapidly and effectively9–12. Sequence search in repertoire mining is
performed within the confines of B cell clonal lineages or, more
accurately, the corresponding clonotype sequence groupings defined
by same variable region germline segment composition and heavy
chain third complementarity-determining regions (CDR H3) of the
same length with a sequence identity above a specified threshold. A
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general limitation not only of repertoire mining but also of other
in vitro affinity optimization methods is that the sequence space
explored is comparatively limited relative to the potential sequence
diversity of antibodies. This is particularly true for CDR H3 which,
despite being the most diverse region in repertoires, is often engi-
neered with a limited number of point mutations for affinity
optimization3,13,14. Themain reason for this is thatmutations inCDRH3,
which is centrally located in the binding interface and contributes a
large fraction of the free-energy of binding15–17, often have a negative
impact on binding; thus, only relatively minor variations are usually
explored for engineering compared to the potential CDR
H3 sequence space.

Antibody repertoire datasets of immunized animals generated by
deep sequencing technologies generally have a very large diversity of
sequences beyond a clonotype of interest. Most of the repertoire
sequence diversity is located in the CDR H3 region and is beyond the
reach of traditional repertoire mining within clonotypes based on the
framework of somatic mutation and clonal expansion. However,
sequences outside the original clonotype of interest may in principle
provide variants that could be used for affinity optimization. What
would allow this is the phenomenon of ‘convergences’ between dif-
ferent clonal lineages. Convergent antibodies are clonally unrelated
(descended fromdifferent naïve B cells) but share a subset of sequence
and structural similarities as well as epitope specificity and binding
mode18. Different classes of convergent responses have been descri-
bed which share different sequence and structural motifs18–21. Con-
vergences are often identified only after considerable characterization
efforts, including determination of complex structures, rather than by
sequence information alone22–32. A conceptual framework to interpret
sequence data from widely different clonotypes in repertoire deep
sequencing datasets without relying on extensive experimental or
structural information would be required to systematically apply
cross-lineage repertoire mining as an engineering strategy to optimize
antibody affinity early in discovery.

A special case of convergence is defined by clonally inde-
pendent antibodies that bind the same antigen and derive from
the same VH and VL germline segments but have CDR H3 regions
that differ widely in sequence and even length20,33–37. These con-
vergent antibodies bind the same epitope with the same geo-
metry, or binding mode, akin to antibody clonal variants, show no
special structural features required for the recurring binding
mode20,34,37–39. We refer to clones in this convergence class with
these properties as ‘parallel lineages’, to differentiate from other
convergence classes37. CDR H3 length of antibodies in parallel
lineages mirrors the distribution of lengths observed in the
immune repertoire and are not biased in length37. Thus, parallel
lineages are not restricted to a special class of antibodies and
applies generally to antibodies and repertoires derived by animal
immunization. Importantly, and critical for mining of repertoires,
rodent antigen-specific antibodies that share VH/VL germline
segments bind the same epitope with high frequency regardless
of CDR H3 sequence and length diversity within the parallel
lineage37. The epitope specificity restriction by VH/VL germline
segment pairing enables high-confidence prediction of function-
ally equivalent but clonally independent antibodies in antigen-
specific repertoires based solely on sequence information. In
addition, parallel lineage convergences recur frequently for
multiple epitopes in an antigen within the repertoire37 and
therefore have the potential to be generally applicable to anti-
body engineering. Here we describe the application of parallel
lineage VH repertoire mining for rapid affinity optimization of a
therapeutic antibody generated by rodent immunization,
extending the application of repertoire mining strategies beyond
the classical framework of B cell clonal expansion to include
variants with high CDR H3 diversity.

Results
Identification of anti-triggering receptor on myeloid cells 2
(TREM2) parallel lineages in antibody repertoires
The target used to develop the parallel lineage mining was TREM2.
TREM2 is currently a target of significant interest for the potential
treatment of Alzheimer’s Disease (AD)40. TREM2 is composed of a
single immunoglobulin V (IgV) domain followed by a linear stalk,
transmembrane, and short intracellular regions41. The stalk region has
an α-secretase disintegrin and metalloproteinase domain-containing
protein 10 (ADAM10) and ADAM17 cleavage site between residues
H157 and S158 that, when cleaved, results in shedding of TREM2 from
the cell surface and release of soluble TREM2 (sTREM2)40. Binding of
TREM2 by ligands leads to phosphorylation of the TREM2-associated
protein adapter protein DAP12 on an immunoreceptor tyrosine-based
activation motif in its cytoplasmic tail, resulting in the activation of
pathways for cell survival and non-inflammatory cytokine production.
Loss-of-function mutations in TREM2 are associated with late-onset
AD40. A special consideration for therapeutic anti-TREM2 antibodies is
affinity. Relatively limited immunoglobulin (Ig) crosses the blood/
brain barrier42. Maximizing affinity in anti-TREM2 antibodies may be
desirable to increase therapeutic IgG target engagement in the brain
and to reduce dosing. Thus, TREM2 represents a therapeutically rele-
vant target to evaluate the feasibility, practicality, and robustness of
antibody affinity optimization by parallel lineage mining.

Antibodieswere obtainedby immunizationof 3 rats (R18, R19, and
R20) with the full human TREM2 extracellular domain (ECD) followed
by myeloma cell fusion to derive TREM2-specific hybridoma clones. A
set of clones within a parallel lineage apparent in the hybridoma set
was selected to determine whether additional VH parallel lineage clo-
notypes could be identified by repertoiremining. This set consisted of
4 clones with the IGHV10-5 (VH10-5) and IGKV8U89d (VK8U89d)

43

germline segments and CDR H3 length 11 and 13 (CDR definition and
antibody residue numbering in the IMGT® system44,45 used throughout
except where noted). These antibodies bind a stalk region epitope
located approximately between residues 139 and 148 (numbering from
initiation Met residue) (Supplementary Fig. 1 and Supplementary
Data 1), facilitating precise high-throughput epitope mapping for
additional binders. The monovalent equilibrium dissociation binding
constants (KD) of the clones ranged from0.5 to 4.8 nM (Supplementary
Fig. 2a and b). All antibodies in this group bound live cells expressing
TREM2 by flow cytometry (Supplementary Fig. 2c–f).

The unique clonal origin of these antibodies was assessed by
detailed clonotyping. A definition of clonotype that closely reflects
biological mechanisms of somatic mutation and clonal expansion and
other constraints, referred to here as “biological clonotyping”, would
be cloned sharing the same VH and JH (and VL and JL if available)
germline segment, same IGHD (DH) segment of similar boundaries,
reading frame and position within CDR H3 (within the known limits of
DH germline segment assignment), nucleotide sequence identity at or
above a certain threshold, usually 80%, and same immune animal or
donor origin. Although insertions and deletions occasionally happen
during somatic mutation, these cannot be effectively differentiated
from alternative VDJ recombination events in the CDR H3 regions of
immune repertoire clones46,47. Therefore, cloneswith different CDRH3
lengths are classified in different clonotypes. Theworking definition of
clonotypes used here (unless otherwise noted) is more inclusive than
biological clonotyping to ensure that clones later selected from bulk
sequencing datasets are from different clonotypes bymost definitions
and, more importantly, highly diverse in their CDR H3 sequences. This
definition specifies a clonotype as clones with the same VH germline
segment, same CDR H3 length, and at least 67% amino acid sequence
identity, ignoring JH and DH germline segments and animal origin. For
hybridoma clones, the same VL germline segment is also required for
clonotype inclusion. This definition maximizes sequence space search
within the sample and minimizes sampling of sequences that, while
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clonally unrelated, have relatively similar CDR H3 sequences. The
biological clonotyping definition is used here solely to address the
possible biological origin of clones where relevant. The four selected
clones, 3.10A7, 3.22B9, 3.22B9, and 3.41B10, belong to different clo-
notypes using the biological clonotyping definition (Supplementary
Fig. 2g). However, two of the clones, 3.10A7 and 3.22B9, have similar
CDR H3 sequences and are classified in the same clonotype by the
working definition (Supplementary Fig. 2g).

Although relatively large datasets of paired chain sequences can
now be obtained by single-cell sequencing31, standard bulk deep
sequencing remains generally more accessible and can sample the
repertoiremore deeply than the current largest single-cell sequencing
datasets. Thus,wefirst determined the feasibility of identifying parallel
lineage VH sequences in bulk deep sequencing datasets without chain
pairing information. Any reads in these datasets corresponding to
antibodies belonging to the same parallel lineage as the 3.10A7 group
would have not only the sameVH10-5 germline segment, althoughwith

adifferentCDRH3, but also light chains very similar to the clones in the
3.10A7 group. The repertoires were amplified with constant region
primers specific for isotype-switched, antigen-experienced, IgG, and
IgA transcripts, to exclude VH reads from naïve cells. A total of 67
clonotypes with CDR H3 lengths 11, 12, and 13 and high CDR
H3 sequence diversity were randomly selected for testing from deep
sequencing datasets derived from the three immunized rats (Fig. 1 and
Supplementary Data 1). Half of all VH10-5 clonotypes in the TREM2-
immunized rats have CDR H3 lengths within that range, with the
67 selected clonotypes representing about half of the 157 VH10-5
working definition clonotypes with CDR H3 length 11 to 13 in the bulk
sequencing dataset from the three rats. Within each clonotype, clone
selection prioritized both high sequence count and higher somatic
mutation load. The independent clonal origin of the selected VH reads
was confirmed by detailed junctional nucleotide sequence analysis. No
clones of the same CDR H3 length with similar junctional sequences
were identified among the clones (Supplementary Fig. 3). When
allowing gapped comparisons of these junctional sequences within an
immunized rat, only two clones, R18-11-08 and R18-12-22 derived from
rat 18, could be aligned by introducing 3 nucleotides (81% gapped
nucleotide sequence identity), while only 5 clones had another clone
from any rat sharing more than 67% CDR H3 amino acid sequence
identity by gapped alignment (Fig. 1), confirming the independent
clonal origin of most or all selected clones and high CDR H3 sequence
diversity. The selected VH clones were paired to the light chains of the
four antibodies in the 3.10A7 group for testing as full IgG in TREM2
binding assays. No clear consensus was observed in the CDR
H3 sequences except for an apparent slight preference for Gly/Thr/Ile
in 4 or 5 consecutive positions withinCDRH3 sequences of length 11 in
addition to the expected sequence conservations in the first two and
last three CDR H3 residues that are fully or partially encoded by the
VH10-5 and low-complexity JH germline segments (Supplemen-
tary Fig. 4).

Shuffling of the heavy and light chains among the 3.10A7 parallel
lineage hybridoma clones resulted in antibodies that specifically
bound to a TREM2 peptide spanning residues 129–148, including the
3.10A7 group epitope, in ELISA (Fig. 1). All antibodies with the selected
VH sequences expressed as IgG when paired to all or most light chains
from the 3.10A7 parallel lineage. When paired to at least one of the
light chains of the hybridomaclones in the 3.10A7parallel lineage,fifty-
four (81%) of the selected VH sequences produced IgG that had
detectable binding in ELISA to TREM2 peptide 129-148 but not TREM2

Fig. 1 | Binding of antibodies with heavy chain variable regions derived from
deep sequencing to TREM2. Binding of antibodies to TREM2 peptides 129–148
and 149-168 andmouse inhibin 30-mer control in ELISA is shown in a heatmapwith
optical density scaleon the right. Readingsbelow0.35 are considered negative. The
VH regions of antibodies are shownon the left by their correspondinghybridomaor
VH clone name. VH clone names refer to rat number, CDR H3 length and unique
number. The light chains of the antibodies are shown on the top using the corre-
sponding hybridoma clone name for the light chain or the VL germline segment of
three other anti-TREM2 antibodies. Hybridoma-derived heavy and light chain
variable regions are highlighted in salmon. The epitope region of the antibodies
from which light chains are derived are indicated. Dashes indicate lack of expres-
sion. Regions shown in gray are antibodies with heavy and light chain combinations
that were not tested. Control (Ctrl.) antibodies 1 and 2 bind TREM2 129–148 and
149–168, respectively. Ab 4D5 is an anti-human epidermal growth factor receptor
2 antibody. The relative number of read counts with the VH10-5 germline segment
and CDR H3 sequences from the hybridoma or selected clones in the deep
sequencing datasets of rats R18, R19 andR20 are shownon the right in blue shading
as indicatedby the color scale and percentage shown in boxes. Zero values indicate
less than 0.5% and blank values indicate no reads found. The maximum CDR
H3 sequence identities (excluding the intra-clonal 3.10A7/3.22B9 similarity) among
TREM2-binding clones of the same CDR H3 length or different lengths with one or
two contiguous gaps are indicated on the right. OD, A450 ELISA optical density.
Source data are provided as a Source Data file.
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control peptide 149-168. The binding clones had heavy chains derived
from VH reads from the three rats (Fig. 1), confirming the expected
cross-animal span of parallel lineages.

To test whether binding was dependent on proper chain pairing
or whether VH alone is sufficient for binding to antigens in this parallel
lineage, 22 of the heavy chain clones of antibodies with the strongest
binding to TREM2 peptide 129-148 were paired with light chains from
three antibodies that bind the TREM2 IgV domain rather than the stalk.
These antibodies have light chains with the same VK8U89d or similar
VK8S4 germline segment as the 3.10A7 parallel lineage or a light chain
variable region from a different subgroup, VK1S26. Most of the chain-
shuffled antibodies expressed as IgG (Fig. 1). All antibodies with the
heterologous VK8U89d light chain bound TREM2 peptide 129-148 but
not the control peptides, indicating that closely related light chains
from other lineages can substitute for the 3.10A7 parallel lineage light
chain. A few antibodieswith the VK8S4 light chain specifically bound to
the 129-148 peptide, indicating thatmore distantly related light chains
of the same subgroup can allow binding to TREM2 when combined
with some of the 3.10A7 parallel lineage heavy chains. However, none
of the antibodies with the VK1S26 light chain bound to TREM2 peptide
129-149, indicating a direct or indirect role of the light chain in antigen
binding in the 3.10A7 parallel lineage group. In addition, given that
different light chains with the VK8U89d germline from antibodies that
bind different TREM2 epitopes canmediate binding to the TREM2 129-
148 peptide when paired to the selected VH10-5 heavy chains, it is
unlikely that VK8U89d light chains alone determine specificity for this
epitope independently of the heavy chain.

Affinity optimization of an anti-TREM2 antibody by parallel
lineage repertoire mining
Antibodies in the 3.10A7 parallel lineage vary by about 10-fold in affi-
nity (Supplementary Fig. 2a and b), suggesting that parallel lineage
mining may be an effective manner to quickly identify high-affinity
variants across clonal lineages. We asked whether significant affinity
optimization could be achieved prospectively by parallel lineage
mining of bulk deep sequencing repertoires when clones within the
same parallel lineage are not observed in an antibody panel. In addi-
tion, we asked whether affinity optimization by parallel lineagemining
across lineages preserves specificity characteristics relevant to a
therapeutic lead.

A second group of 4 clonally related anti-TREM2 antibodies with
biological properties relevant to the potential therapeutic application
(see below), 3.10C2, 3.27H7, 3.18E5, and 3.50G1, was selected for fur-
ther engineering (SupplementaryData 1). These 4 clones, derived from
rat R18 (except clone 3.50G1, for which the rat origin was not identified
by exact CDR H3 nucleotide match), have VH6-8, JH2 and VK2S11, JK2-3
germline segments and identical CDR H3 sequences of length 5, and
bind to TREM2 with similar monovalent KD values between 140 and
670 pM at 37 °C in screening (Supplementary Fig. 5a and b). More
detailed analysis of the binding kinetics of antibody 3.10C2 to TREM2
yielded a monovalent KD of 200 pM at 37 °C (Table 1, Supplementary

Fig. 6a and e). The epitope of antibody 3.10C2 was mapped with
overlapping peptides to a region between residues 151 and 161
approximately, which includes the ADAM10/17 cleavage site (Supple-
mentary Fig. 1). Alanine-scan of TREM2 with synthetic peptides iden-
tified reductions of antibody 3.10C2bindingwhen residuesD152, H154,
H157, S158 and I159 were mutated to Ala individually, with an appar-
ently milder effect on binding by additional mutations (Fig. 2a and
Supplementary Fig. 7). However, antibody 3.10C2 bound to a TREM2
peptide with the rare H157Ymutation associated with increased risk of
AD48, although with an apparent slight increase in binding off-rate
compared to the wild-type peptide (Supplementary Fig. 7o). Antibody
3.10C2 and its three clonal variants bound live TREM2-expressing
Jurkat cells and, unlike antibodies in the 3.10A7 parallel lineage, had
strong agonist activity as soluble IgG (Fig. 2b and Supplementary
Fig. 5c). Consistent with epitope mapping results, antibody 3.10C2 did

Table 1 | Binding kinetics and off-target binding potential of rat and humanized antibodies 3.10C2 and Para.09

Antibody ka (M−1s−1)a kd (s−1)a KD (M) BV ELISA scoree

3.10C2b 9.7 × 105 [1.31]c 1.9 × 10−4 [2.42] 2.0 × 10−10 [1.89] 0.73

Para.09b 2.2 × 106 [1.15] 4.4 × 10−5 [2.31] 2.0 × 10−11 [2.04] 0.66

hu3.10C2d 8.8 × 105 [1.13] 3.7 × 10−4 [1.07] 4.2 × 10−10 [1.10] 0.87

huPara.09d 2.6 × 106 [1.22] 5.6 × 10−5 [1.72] 2.2 × 10−11 [1.43] 0.99
aSPR analysis performed at 37 °C with an 1-hour dissociation step with full TREM2 ECD.
bChimeric rat/human IgG1 antibodies.
cNumbers are geometric mean and fold-difference from geometric mean, within brackets, of n = 4 independent experiments.
dLight chains derived from clonal variant 3.27H7.
eScores below 5 are considered negative for off-target binding.
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not detectably bind sTREM2, unlike antibodies in the 3.10A7 group
(Fig. 2c). Thus, antibody 3.10C2has a unique set of biological attributes
relevant to therapeutic applications that would need to bemaintained
upon affinity optimization. The high affinity of antibody 3.10C2 also
presents a high-bar case for affinity optimization of a potential ther-
apeutic antibody lead.

We performed parallel lineage mining for the 3.10C2 group with
the same bulk sequencing datasets and in a similar manner as for the
3.10A7 group described above. Sequence search was limited here to
VH6-8 clonotypes with CDR H3 lengths 5 to 7 that would more likely
retain an expected groove in the binding site of antibody 3.10C2
formed by the combination of a short CDR H3 and long light chain
CDR1 (3.10C2 has an IMGT® CDR L1 length 11). A total of 59 VH6-8
clonotypes (working definition) with CDR H3 lengths 5-7 were identi-
fied in the three immunized rats. Twenty-four clonotypes had CDR H3
sequence liabilities such as potentially oxidizing tryptophan and
methionine residues, deamidation and Asp isomerization sites and
unpaired Cys residues (see methods) and were excluded from clone
selection. A total of 29 VH reads from 24 different clonotypes were
randomly selected from the remaining 35 clonotypes, prioritizing
readswith higher somaticmutation loadwithin eachclonotype. TheVH

clones were used to generate chimeric human IgG1 antibodies with the
3.10C2 light chain (Supplementary Data 1). All the clones expressed as
IgG and were tested in an ELISA-based screen with TREM2 and control
peptides (Fig. 3). Two clones, Para.03 and Para.09, specifically bound
the peptide with the entire TREM2 stalk region or TREM2 peptide 149-
168 with the 3.10C2 epitope and not the control peptide 159-175 that
does not include the 3.10C2 epitope. Other clones either did not bind
peptide 149-168 with the 3.10C2 epitope or bound both TREM2 pep-
tides or non-specifically to all peptides tested (Fig. 3). Clone Para.03
bound weakly to the TREM2 peptides and was not further character-
ized. In contrast, clone Para.09 had robust specific binding to the
TREM2 stalk and 149-168 peptides including the 3.10C2 epitope.
Besides being derived from a different rat than the 3.10C2 lineage
(Fig. 3), the Para.09 VH region differs from 3.10C2 VH by having a CDR
H3 sequence length 6 rather than 5, with apparently different DH

segments, and a JH3 rather than JH2 germline segment (Supplementary
Fig. 3), confirming that it is from a different clonotype from anti-
body 3.10C2.

Antibody Para.09 with the light chain from antibody 3.10C2
bound TREM2 with a monovalent KD of 20 pM at 37 °C, about 10-fold
stronger than the affinity of antibody 3.10C2 with improvements in
both association and dissociation binding kinetics (Table 1 and Sup-
plementary Fig. 6b and f). Alanine-scanning with synthetic peptides
identified slight increases in apparent binding off-rates when TREM2
residues D152, H157 or I159 were mutated to Ala individually, three of
the same residues that impact antibody 3.10C2 binding whenmutated
to alanine, with a lower effect by other mutations (Fig. 2a and Sup-
plementary Fig. 8). Thus, antibody Para.09 retains epitope specificity
very similar to antibody 3.10C2 although with some significant differ-
ences in the residues mediating binding within the epitope or sensi-
tivity to Ala mutations. Antibody Para.09 also retained binding to the
TREM2 peptide with the H157Y mutation with no apparent change in
binding off-rate relative to the wild-type peptide (Supplementary
Fig. 8o). Finally, antibody Para.09 had low off-target binding potential
similar to that of antibody 3.10C2 when assessed in a baculovirus
particle ELISA assay49 (Table 1), indicating that the high affinity of
antibody Para.09 is not associated with adverse non-specific binding
potential, an important property of antibodies in therapeutic
applications.

Antibodies 3.10C2 and Para.09 were humanized for further
experiments. The light chains of the humanized antibodies were
derived from clone 3.27H7, which is part of the same clonal group as
3.10C2, for improved large-scale expression of both clones (Supple-
mentaryData 1). The binding properties of both humanized antibodies
were similar to the parental chimeric rat antibodies with minimal los-
ses in affinity (Table 1 and Supplementary Fig. 6c, d, g, and h). Huma-
nized antibody huPara.09 had about 10-fold higher agonist activity in
an NFAT reporter cell-based assay and about 6-fold more potent
sTREM2 shedding inhibition activity than humanized antibody
hu3.10C2 (Supplementary Fig. 9a and b). In addition, huPara.09 retains
the same lack of detectable binding to sTREM2 as antibody hu3.10C2
and its parental rat Para.09 antibody (Fig. 2b). As predicted by the
parallel lineage framework, huPara.09 retains the unique biological
and therapeutically relevant properties of antibody 3.10C2 despite
being derived from a distinct VH clonotype.

Structural analysis of antibodies hu3.10C2 andhuPara.09bound
to TREM2
Antibody huPara.09 is predicted, based on the parallel lineage fra-
mework, to bind the same TREM2 epitope with the same binding
geometry as antibody hu3.10C2. To confirm this and to further
understand the structural basis for TREM2 recognition we formed
complexes of Fab fragments of humanized antibodies hu3.10C2 and
huPara.09 with a TREM2 peptide spanning residues 149-165 and
determined their structures by X-ray crystallography. Crystals of the

Fig. 3 | Screening of 3.10C2 parallel lineage VH clones. Antibody 3.10C2 and
antibodies formed by selected VH6-8 variable regions and the 3.10C2 light chain
were tested in ELISAwith a peptide encompassing the entire TREM2 stalk region or
peptides of the indicated TREM2 fragments or control inhibin 30-mer peptide.
ELISA binding is indicated in red, with the optical density scale shown to the right.
TheCDRH3sequences of VH6-8 parallel clone candidates are shown to the right. VH

sequences belonging to the same clonotype (CDR H3 amino acid identity >67% for
the same CDR H3 length) are indicated by letters next to the CDR H3 sequences.
The relative number of read counts with VH6-8 germline segments and the CDR
H3 sequences of the hybridoma or selected clones in the deep sequencing datasets
of rats R18, R19, and R20 are shown on the right in blue shading as indicated by the
color scale and percentage shown in boxes. Zero values indicate less than 0.5% and
blank values indicate no reads found. The maximum CDR H3 sequence identities
among clones of the same CDR H3 length or different lengths with one or two
contiguous gaps are indicated on the right. Inhibin refers to a 30-mer control
peptide with the mouse inhibin sequence unrelated to TREM2. OD, A450 ELISA
optical density. Source data are provided as a Source Data file.
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hu3.10C2-TREM2 complex diffracted to 1.9 Å resolution, with a clear
electron density observed for the entire TREM2 peptide (Supplemen-
tary Fig. 10a–d, Supplementary Tables 1 and 2). TREM2 binds in an
elongated fashion across a deep groove formed at the interface
between the variable regions of both heavy and light chains (Fig. 4a).
The N-terminus of the peptide is exclusively read by VL, while the
C-terminal half is largely engaged by the VH of the Fab. Interactions
between VL and TREM2 are almost all polar and charge-based, with key
interactions mediated by both D152 and H154 to S38l, Y40l, F107l, and
Y116l (Fig. 4b).Mutagenesis of either TREM2 residueweakenedbinding
to 3.10C2 (Fig. 2a), underscoring the importance of these interactions
to antigen recognition.

The C-terminus of the bound TREM2 peptide folds itself into two
short alpha helices and anchors itself into VH through a hydrophobic
interface involving both H157, at the ADAM10 cleavage site, and I159
(Fig. 4c). TREM2 H157 interacts with W38h via a stacking interaction
and is likely protected fromprotease activity through this contact. The
secondmajor point of contact between the TREM2 C-terminus and VH

comes from I159, which buries itself into a highly hydrophobic pocket
that is formed by V2h, L4h, F28h, V37h, and Y117h. Again, alanine scan-
ning of the peptide revealed that both of these positions are critical for
high-affinity binding of the Fab to TREM2.

To understand the structural basis for increased Para.09 affinity
relative to 3.10C2, we also determined a structure of huPara.09 bound
to the same TREM2 peptide to 2.0 Å resolution. Overlay of both
structures show that the TREM2 peptide binds to both Fabs using an
identical binding mode (Supplementary Fig. 11). Although antibodies
3.10C2 and Para.09 are clonally independent and not derived from
each other or share a common ancestor, the differences between the
antibodies are described hereafter as “mutations” in the hu3.10C2
context for simplicity. Close up inspection of single amino acid dif-
ferences in the heavy chains on the structure show that three key
differences in positions 106 h to 116 h in CDR H3 rationalize the affinity
difference between hu3.10C2 and huPara.09 (Fig. 5a). First, mutation
of G106h to an aspartate allows for huPara.09 to pick up a direct

interaction with the backbone amide of I159 (Fig. 5b). Second, intro-
duction of CDR H3 I107h in huPara.09 results in several significant
downstream conformational changes that provide a stronger interac-
tion between Para.09 and TREM2. Comparison with hu3.10C2 reveals
that the addition of huPara.09 I107h pushes the next residue, Leu-115h,
outwards compared to the equivalent hu3.10C2 Leu-107h (Fig. 5c). The
shift of the leucine side-chain creates a shallower hydrophobic pocket
that buries TREM2 H154 more effectively compared to the hu3.10C2
pocket (Fig. 5d, compare left and right panels). The shallower pocket in
huPara.09 may accommodate either a His or an Ala in TREM2 position
154 due to this additional packing,whereas the hu3.10C2 groove seems
to be more specific for His in that position (Fig. 2a and Suppl.
Figs. 6 and 7). The effects of the I107h introduction continue towards
the end of the CDRH3 loop, where it becomes shifted outward. Finally,
to maintain an interaction with TREM2 S160, D116h is mutated to a
glutamate in huPara.09, which allows the side-chain to form a hydro-
gen bond with the hydroxyl side-chain of TREM2 S160 despite the
backbone of CDR-H3 being longer and oriented away from
TREM2 (Fig. 5e).

TREM2 S158 does not contact either antibody and its side-chain
forms two intra-peptide backbone hydrogen bonds with the amide of
residue R160 and carbonyl of S161 that appear critical for a kink in the
helical region of the bound TREM2 peptide in both complex struc-
tures. Interestingly, the TREM2 S158A mutation reduces binding to
3.10C2 but not Para.09 (Fig. 2a, Suppl. Figs. 7 and 8), suggesting dif-
ferent structural requirements for antigen binding by both antibodies.
Taken together, these two structures reveal the basis of high affinity
interaction between both antibodies and the antigen as well as the
mechanisms of selective interaction with intact TREM2 and inhibition
of TREM2 shedding.

Mutational analysis of hu3.10C2 CDR H3
The affinity landscape of the 3.10C2/Para.09 CDR H3 region was
assessed by mutagenesis. Again, antibody 3.10C2 is described as the
pseudo-parent of Para.09 and CDR H3 differences as “mutations” for

Fig. 4 | Structural basis of hu3.10C2 recognition of TREM2. aCrystal structure of
TREM2 (148-165) bound by the hu3.10C2 Fab fragment. The heavy chain (VH) is
shown in green surface, while the light chain (VL) is depicted in cyan surface
representation. The TREM2 peptide is shown in brown stick representation with its

N-terminus at the right end. b Zoom-in view of the VL–TREM2 interface. This
interface is largely dominated by polar interactions (dotted lines) between the Fab
and peptide. c Zoom in view of the VH–TREM2 interface. Fab residue numbering is
in the IMGT® system.
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simplicity. Only the shortest path between the two CDR H3 sequences
was considered, with Ile inserted at position 107h between the second
and third 3.10C2 CDR H3 residues.

Introducing any of the three Para.09 CDR H3 “mutations”
(G106hD, the I107h insertion, and D116hE) into hu3.10C2 individually
resulted in significantly faster binding off-rates for all mutants
(Fig. 6a–d). In huPara.09, the D106h side-chain makes a polar contact
with the amide of TREM2 I159 that is not present in hu3.10C2 (Fig. 5b),
suggesting that the effect of the G106hD mutation on hu3.10C2 bind-
ing is due to direct or indirect steric interference rather than loss of a
specific antigen contact. The D116hE mutation had the most detri-
mental effect on binding, probably due to interference on binding by
the longer Glu side-chain in position 116 in the absence of amain-chain
conformational shift as observed in huPara.09 (Fig. 5e). Similarly, the
I107h insertion in hu3.10C2 resulted in weaker binding affinity, indi-
cating that the insertion by itself is not sufficient for higher binding
affinity and that without additional adjustments in main-chain con-
formation, the I107h insertion results in a lower binding affinity instead.

Contrary to its negative effect in the wild-type hu3.10C2 context,
the D116hE mutation had a neutral effect on binding in the context of
the G106hD substitution or I107h insertion (Fig. 6e and g), indicating
that either one of these mutations is sufficient to induce main-chain
conformations that accommodate Glu at position 116h. In contrast to
their detrimental effect on the binding when introduced individually, a
combination of the G106hD mutation and I107h insertion in hu3.10C2
resulted in a variant that had a slower binding off-rate than the variants
with either mutation individually or wild-type hu3.10C2 (Fig. 6f), indi-
cating that the CDR H3 loop conformational differences observed
between hu3.10C2 and huPara.09 (Fig. 5c) are due to both the pre-
sence or absence of the I107h insertion and the residue preceding it in
position 106 h, Gly or Asp. The D116 hE mutation had no observable
effect on the affinity of the G106hD/I107h insertion double mutant,
similar to its neutral effect when combined with either of the two
single-mutants (Fig. 6h). Collectively, the results indicate a small net-
work of non-additive, epistatic interactions in the “transition” of CDR
H3 sequences from the lower-affinity 3.10C2 to the higher-affinity

Fig. 5 | Structural basis for Para.09 affinity gain to TREM2. aAlignment of 3.10C2
and Para.09 within the CDR. Direct TREM2 interactions shared between hu3.10C2
and huPara.09 are listed on the bottom row. Interactions that are exclusive to
huPara.09 are highlighted in red. Framework 4 region (FR4) differences are due to
differences in JH segment use in clones 3.10C2 and Para.09, shown in Supplementary
Fig. 3. IMGT® numbering shown. b Close up view of mutation of G106h in hu3.10C2
(white) to D106h in huPara.09 (green) allows for additional hydrogen bond (black
dashes) to the TREM2 peptide (dark salmon). c Structural consequence on CDR-H3

of Para.09 I107h introduction (green) compared hu3.10C2 (white). d Comparison of
TREM2 H154 binding pocket in hu3.10C2 (left) and huPara.09 (right). The VH (green)
and VL (cyan) of both fabs are shown in surface representation and the TREM2
peptide is shown in dark salmon ribbon. The key TREM2H154 residue being buried is
shown in sticks. The key L107h/L115h residue is highlighted in red. e Close up view of
huPara.09 E116h (green) compared to hu3.10C2 D116h (white). Both residues main-
tain hydrogen bond interactions with TREM2 S160 (black and yellow dashes). H1, H2
and H3 indicate residues in CDR H1, H2 and H3 regions.
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Para.09 involving all three residue differences between the two anti-
bodies. These include a cooperative conformational interaction
between the G106hD substitution and I107h insertion necessary to
confer higher binding affinity and a secondary, neutral effect of the
D116Eh mutation contingent on the presence of the G106hD mutation
and I107h insertion individually or combined.

Molecular dynamics simulations of antibody binding
We noted that the shift in CDR H3 conformation, as well as the change
in sequence, in huPara.09 produced 3 additional hydrogen bonds
(HBs) to various other regions of the antibody: D106h is stabilized by a
pair of amides within CDR H3, E116h bridges to a backbone amide in
CDR L2, and the newly inserted backbone carbonyl of L115h forms an
HB with the indole side-chain of W118h. We hypothesized that these
additional HBs might rigidify the CDR H3 loop, leading to improved
preorganization of the loop that would explain the 10-fold increase in
KD for huPara.09.

To explore this hypothesis, we carried out triplicate microsecond
molecular dynamics (MD) simulations of both antibodies with and
without the TREM2 coordinates to compare their antigen-bound and
unbound dynamics. Analysis of the backbone dihedral angles revealed
that the CDR H3 loops of both antibodies exhibit similar degrees of
conformational variability in all cases, with the apo-state conforma-
tions closely resembling the TREM2-bound ones (Supplementary
Fig. 12). The CDR H3 of huPara.09 was slightly more flexible without
the TREM2 peptide, likely due to its longer length, despite its addi-
tional HBs. Thus, the degree of CDR H3 preorganization appears
comparable between the twoantibodies anddoes notplay amajor role
in the enhanced affinity of huPara.09.

In contrast, we observed that TREM2 samples a wider range of
conformations when bound to huPara.09 than hu3.10C2 (Fig. 7),

mostly localized to theC-terminal end of the peptide. Dihedral analysis
quantitatively demonstrated that many of these additional con-
formations resemble those of isolated TREM2 peptide free in solution
(Supplementary Fig. 13). Indeed, the additional diversity was down-
stream of I159, including part of the bound epitope (S160 and R161;
Supplementary Fig. 1) and extending to S162 and L163. Residue 164 and
theN-terminal residues 150-151 are comparablyflexible in the unbound
state and when bound to either antibody, consistent with minimal
interactions at the peptide termini, and thus should not significantly
contribute to binding entropy differences (Supplementary Fig. 13).
This flexibility is underscored by missing density and alternative con-
formations at the peptide termini in the asymmetric unit copies not
used for simulations and structural analysis. Simulations of the trun-
cated 149-161 peptide used for alanine scanning experiments still
revealed additional dynamics at positions I159 and S160 when bound
to Para.09 relative to 3.10C2, while CDR H3 dynamics remained con-
sistent with the full-length peptide (Supplementary Figs. 14 and 15). As
the binding kinetics reported in Table 1 describe binding to the TREM2
ECD, the observed increase in accessible microstates (outside of the
bound epitope of the truncated peptide) is likely thermodynamically
relevant for the bound ensemble of the full complex.

Consequently, we propose that the superior binding kinetics of
huPara.09 is not due to preorganization of its CDR loops, but instead
due to reduced conformational selectivity of TREM2 binding poses.
This minimizes the entropic penalty of binding via the antigen, not
rigidification of the antibody, as has commonly been attributed to
matured, high-affinity binders, yet inconsistently confirmed50. This is in
line with previous conclusions that there are numerous pathways to
affinity maturation via biological selective pressures, with paratope
rigidification only comprising one aspect of binding (entropy loss
upon complexation) while presumably leaving other recognized

Fig. 6 | Interactions between CDR H3 residues required for higher binding
affinity. The SPR sensorgrams of TREM2 binding of wild-type and variant hu3.10C2
antibodies mutated in the CDR H3 region to the corresponding residues of anti-
body Para.09are shown. The sensorgramsof theparental hu3.10C2 (a), G106hD (b),
D116hE (c), I107h insertion (d) single mutant, G106hD/D116hE (e), G106hD/I107h
insertion (f), I107h insertion/D116hE (g) doublemutant and G106hD/I107h insertion/
D116hE triple mutant (h) antibodies are shown. Each panel shows the CDR
H3 sequences of each variant with mutations from hu3.10C2 highlighted in red.
Panels with antibodies differing by a single residue are linked by arrows from left to

right-side variant, with mutations reducing or increasing binding kinetics off-rate
mutation shown in green or red, respectively, and mutations with neutral or
undetermined effects shown in black or gray. The binding kinetics off-rate (kd) is
shown with the fold variation of two repeat experiments shown within brackets.
Panels with low-quality off-rate curve fittings are indicated as “weak binding” and
the effects of mutations on binding for these variants were visually assessed. Black
lines in sensorgrams indicate actual data readings. Curve fittings are shown in
colors, corresponding to the same antibody concentrations in different panels. RU,
response units.
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aspects (e.g., enthalpy, buried surface area, shape complementarity,
solvent entropy) largely unaffected50. Our interpretation that the
conformational diversity of the bound antigen is also among themany
contributing factors to affinity is complementary to the concept of
paratope rigidification. We note, however, that these previous bioin-
formatic analyzes50 were presented in the context of affinity matura-
tion of a single lineage, which is a distinct process from the parallel
lineage mining described herein.

Rosetta energy analysis of TREM2 binding
Wenext used the Rosetta software suite to analyze antigen contacts by
computing the two-body interaction energy (2BIE) between each CDR
H3 position and the TREM2 peptide (Supplementary Table 3). For
hu3.10C2, D116h accounts for nearly 60% of the total 2BIE and Y117h
provides another ~25%. Notably, both of these residues interact with
TREM2 residues that are C-terminal to S158 and are thus exquisitely
sensitive to the kinked TREM2 conformation stabilized by that side-
chain. In contrast, while Y117h is proportionally important for
huPara.09, E116h contributes <10% of the total 2BIE, with most (~40%)
of the binding energy shifting to D106h, whose HB with I159 is located
in the center of the kink and follows the orientation of the N-terminal
helix of TREM2. I107h and L115h account for most of the remaining
huPara.09 2BIE and are also located on the N-terminal side of the

TREM2 kink. Similar numbers were obtained whether we considered
the crystallized peptide or only residues 149-161 (Supplementary
Table 3), as used for the experiments in Fig. 2a. In the case of the latter,
our calculations indicate that 69% of the binding energy from CDR H3
is localized to the N-terminal side of the TREM2 peptide in huPara.09,
as opposed to only 19% for hu3.10C2, consistent with the asymmetric
dynamics observed inourMDsimulations.Thenarrow rangeofTREM2
conformations compatible with hu3.10C2 binding reflects its broadly
distributed interactions that are challenging to fully satisfy without the
kink-stabilizing S158 sidechain (Fig. 2a), while huPara.09 remains
binding-competent due to its critical interactions shifting to the
N-terminal end of the peptide. Computational alanine scanning of
TREM2 peptide positions further corroborates this hypothesis, with
Δ2BIE upon mutation correlated with the changes in observed KD for
most positions (Supplementary Table 4). Of particular note, S158A
results in comparable, slightly negative, changes in 2BIE for both
antibodies, confirming that the stark difference in affinity cannot be
enthalpic in origin, and instead likely reflects the loss of the two
backbone HBs stabilizing the kinked binding-competent conforma-
tion, which is more critical for hu3.10C2 (81% of CDR H3 binding
energy to S160-R161 vs 31% for huPara.09). MD simulations of the
S158A mutation on the truncated peptide revealed differences in
dynamics to be subtle, however, with the bound peptides largely

Fig. 7 | EnsemblesofTREM2conformations fromMDsimulations.Ensembles for
(a) hu3.10C2-TREM2 complex, b huPara.09-TREM2 complex, c unbound TREM2.
Below, the means and standard deviations of the ensemble-averaged per-residue
root-mean-squared deviations (RMSDs, in Å), relative to the crystal structure
coordinates, are plotted for each of the n = 3 independent simulation runs of (d)
hu3.10C2-bound, e huPara.09-bound, and (f) unbound TREM2. Ensembles depict
the instantaneous conformation of TREM2 every 10ns from individual 1 µs simu-
lations (100 total) for hu3.10C2-bound, huPara.09-bound, and unbound structures
aligned to the starting crystal structure conformation. The crystal structures are
colored with VH in green, VL in cyan, and TREM2 in brown. Ensembles are shown as

transparent tubes tracing the backbone of the peptide. The locations of N- and
C-termini of the TREM2 peptide, VH and VL regions and location of residue S158 of
TREM2 is noted in panel (b), highlighting that the increased flexibility in huPara.09-
bound TREM2 conformations is largely limited to regions C-terminal of the kink
between helices in the crystallographic binding mode. Note that the renders and
fluctuations in panels (a, b, d, e) reflect alignment of the full co-complex to the
variable regions of the respective antibody crystal structures, whereas panels (c, f)
reflect best-fit alignments to the hu3.10C2-bound TREM2 peptide crystallographic
coordinates. Source data are provided as a Source Data file.
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remaining stabilized by the antibodies and the unbound peptides
comparably disordered, particularly with position 158 adopting more
left-handed alpha-helical torsions than the full-length peptide (Sup-
plementary Figs. 15 and 16). The predicted effect of the H154A muta-
tion is similarly comparable by Rosetta energy, in contrast to the
results in Fig. 2a, yet MD simulations also revealed unbinding of large
portions of the peptide in one of the hu3.10C2 replicate simulations,
while the peptide remained stably bound in all three huPara.09 repli-
cates (Supplementary Fig 17). This difference in stabilitymay be due to
the I107h insertion of huPara.09 that, along with L115h, improves
packing against the beta carbon of H154(A) (Fig. 5d).

Discussion
Here we show that mining of deep sequencing repertoires beyond the
confines of single clonotypes by sequence information alone can be
used for rapid affinity optimization of therapeutic antibody candidates
using the parallel lineage framework to guide mining. Mining yields
different VH clonotypes that bind to the same epitope with the same
binding mode as a reference antibody of interest regardless of CDR
H3 sequence identity and length and somatic mutations in the entire V
region. The major difference between parallel lineage mining and pre-
vious affinity optimization methods is that parallel lineage mining
explicitly searches for variants in the large CDR H3 sequence space with
many structurally diverse loops generated in the VDJ recombination
process rather than in the more limited point mutation sequence space
usually explored by in vivo affinity maturation and by traditional in vitro
methods. Parallel lineages span repertoires of multiple animals of the
same species immunized with antigen. This expands the application of
repertoire mining to multiple antigen-specific repertoires, thus making
it more broadly applicable than mining within clonotypes. Mining of
bulk deep sequencing repertoires can readily identify VH segments from
different clonotypes with the expected parallel lineage binding prop-
erties and can be used to rapidly and effectively identify alternative
clones with higher affinity than an antibody with already high affinity
while preserving key functional properties relevant for clinical applica-
tions in a predictable manner. Mutagenesis and structural analysis of
parallel lineage variants show the expected conservation in overall
bindingmode and similarity inmany key interactions while also yielding
binders with subtle structural and energetic differences in the binding
interactions that contribute to differential sensitivity to antigen muta-
tions and apparent tolerance to antigen conformational flexibility.

Traditional antibody affinity optimization methods can be effec-
tive at achieving high affinities but can also be limited by affinity
optima within sequence spaces restricted to point mutations and the
difficulty in many cases to overcome these limits with residue combi-
nations within practical library sizes. The parallel evolution of clones
with independently generated and diverse CDRH3 loops that sit at the
center of the binding interface can in principle result in different affi-
nity optima for different clonal lineages that cannot be easily accessed
within lineages by point mutation51–53. This is exemplified by the epi-
static effects of changes in CDR H3 sequences from hu3.10C2 to the
higher-affinity huPara.09. Epistatic effectsmaybe evenmore extensive
and complex for longer CDR H3 sequences often observed in clones
within parallel lineages37. Parallel lineage mining provides a logical
framework to explore the sequence space of clonotypes with highly
diverse CDR H3 loops for affinity optimization. Other convergence
classes are not readily apparent without structural data to define a
convergent class19,30, limiting their value for repertoire mining in early
stages of discovery.

The solution to the chain pairing problem for mining across clo-
notypes in bulk VHdeep sequencingdatasets is similar tominingwithin
clonotypes without native chain pairing information9. The effective-
ness of parallel lineage mining of bulk deep sequencing repertoires
does notdependonantibodies that relymostly or exclusivelyonVH for
binding to antigen to bypass the pairing problem. This is

demonstrated by the inability of 3.10A7 parallel lineage clonotypes to
bind antigenwhen combinedwith light chains widely distinct from the
native light chains and by the structural analysis that shows extensive
contacts of TREM2 to the light chains of huPara.09 and hu3.10C2.
Especially relevant for the developability of a potential therapeutic
antibody candidate, no adverse effect on off-target binding was
observed in Para.09 antibodies with the non-native chain pairings.
There are however potential limits to non-native chain pairing in par-
allel lineage mining. Junctional diversity within parallel lineages is
independently generated for each B cell lineage, using potentially
different JH and JL germline segments that result in diverse junctional
sequences in both chains54,55. Junctional differences and somatic
mutations in CDR L3 may render chains from different clonotypes in
the same parallel lineage incompatible with certain CDR H3 loops
within parallel lineages. At least some of the variation in the ability of
different light chains to support antibody binding with some of the
3.10A7 parallel lineage VH sequences may reflect this differential
compatibility. However, robust binding can be achievedwith relatively
high frequency despite this potential limitation.

Major questions in parallel lineage mining for affinity optimization
are the frequency and size of parallel lineages in repertoires, how often
affinity improvements can be achieved and how many epitopes induce
parallel lineages. The frequency, size, and epitope breath of parallel
lineages were previously addressed with single B cell sequencing data-
sets, showing that almost half of clonotypes in a set of about 3,000
antigen-specific B cells belong to a parallel lineage ranging between 2
and 18 clonotypes and that several epitopes in a single antigen are tar-
geted by these convergences37. The results shown here based on bulk
sequencing repertoires are broadly consistent with these findings. The
3.10A7 parallel lineage is already evident in the relatively small scale
hybridoma panel and it was selected as a test case for parallel lineage
mining for this reason. Therefore, it is not surprising that additional
parallel lineage clonotypes were identified in the deep sequencing
dataset. However, the relatively high hit rate of antigen-specific VH reads
in bulk deep sequencing datasets was somewhat surprising as these are
derived from lymphoid tissues without enrichment for antigen-specific
clones other than in the amplification of isotype-switched transcripts for
repertoire sequencing. The untested fraction of VH10-5 clonotypes
within the same CDRH3 length range probably includes about the same
number of parallel lineage clonotypes, with potentially additional
epitope-specific clones with CDR H3 lengths not tested. The large CDR
diversity in the 3.10A7 parallel lineage could be related to structural
flexibility of a linear epitope allowing a corresponding CDR H3 diversity
for the same linear sequence. However, not all parallel lineages, even
those binding linear epitopes,maybe as large as the 3.10A7 group. In the
case of the 3.10C2 parallel lineage, only 2 of 24 clonotypes within the
three CDR H3 lengths tested specifically bound the 3.10C2 TREM2 epi-
tope. The overall frequency of binders obtained by parallel lineage
mining with bulk sequencing data remains to be determined. Parallel
lineage mining using paired-chain single-cell sequencing datasets of
antigen-specific clones would increase the rate of epitope-specific bin-
ders to more than 90%37, although limiting mining to comparatively
smaller sample sizes. The overall success for affinity optimization by
parallel lineage mining can also be estimated from previous mining
results based on single B cell sequencing datasets. Parallel lineage
mining performed prospectively with paired-chain datasets yielded 4
out of 11 clones with at least 30-fold higher affinity37. Mining from bulk
sequencing datasets should have similar outcomes for affinity optimi-
zation, if not better due to deeper sampling.

The method presented here should be applicable to clones with
CDR H3 of any length, as the average CDR H3 length of clones in
parallel lineages closely mirrors that same distribution for all clones
confirmed to be antigen-specific in the repertoire and not generally
skewed towards shorter CDR H3 loops37. Parallel lineage mining is not
hindered by longer CDR H3 loops because CDR H3 is not considered
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for mining beyond clonotyping. This is exemplified here by themining
results of the 3.10A7 group with CDR H3 lengths 11 to 13. Thus,
although antibodies 3.10C2 and Para.09 have short CDR H3 regions,
parallel lineage mining would be easily applied to clones with longer
CDR H3 loops without any modifications in the method. The relatively
narrow range of CDR H3 lengths explored here in both examples
reflect arbitrary limits in the number of clones to be tested during the
course of our study and could be expanded with higher-throughput
DNA synthesis and testing techniques. However, even within the
sample depths used here, successful identification of parallel lineage
clones and even clones with superior properties under stringent spe-
cifications can be achieved. In addition, although the examples shown
here are with linear epitopes, for epitope mapping convenience with
the 3.10A7 group and by functional necessity in the case of the 3.10C2
group, parallel lineage mining should be broadly applicable to anti-
bodies againstdiscontinuous epitopes inglobular antigens as these are
also targeted by antibodies in parallel lineages20,34,37–39. Finally, the
interaction of the 3.10C2 and Para.09 antibodies with TREM2 involves
framework residues in the amino-terminus of the VH region that are
usually buried and not available for binding. This is a unique property
of the 3.10C2 and Para.09 binding modes, it does not directly involve
CDR H3 interactions and is not a general feature or requirement for
convergent binding mode in parallel lineages20,34,37–39. Thus, parallel
lineage mining is not limited to special binding modes with unusual
interactions.

The analytical tools required for VH read selection in parallel
lineage mining are simple. Most widely available pipelines for parsing
of antibody repertoire deep sequencing datasets yield the required
information, VH germline segment match, and CDR H3 length and
sequence. Despite its simplicity, the procedure yields clones that have
CDR H3 loops with no significant sequence identity and varying
lengths relative to the original reference clone, something that is dif-
ficult to achieve by rational design methods. However, the reliance on
clonotyping limits parallel lineage mining to reads with a single or
possibly very similar VH germline segment. Combining parallel lineage
mining with other tools that allow identification of clonotypes with
similar bindingmodes based on predicted similar paratope structures,
although limited to antibodies of identical CDR H3 lengths56–58, may
further extend the mining of repertoires for antibody optimization
across clonotypes. In addition, computational methods that predict
parallel lineage clones more likely to have higher affinities, analogous
to somaticmutation analysis within clonotypes9, should help prioritize
clone search in large collections of candidate clonotypes.

Parallel lineage mining as described here aims to maintain the
functional properties of a reference antibody. Indeed, clone Para.09
retains the major functionally and clinically relevant features of anti-
body 3.10C2. However, important specificity details may differ sig-
nificantly between antibodies in a parallel lineage. In clone Para.09,
these include subtle conformational differences associated with
increased tolerance to sequence and conformational variability, as
indicated by the effects of H154A and S158Amutations on binding and
antigen flexibility in MD simulations. Although this may not be a
relevant mechanism for in vivo affinity maturation, as antibodies in
parallel lineages are not clonally related and the structural differences
may not be easily accessible by somatic point mutations, this suggests
an alternative path to experimental affinity optimization beyond
enthalpic gains and entropic penalty reductions by CDR loop rigidifi-
cation, where entropic costs of binding may differ in clonally distinct
antibodies due to differences in tolerance to antigen flexibility by
structurally distinct antigen binding sites. Whether this is a peculiarity
of this antibody pair, antibodies binding to unstructured antigens or a
more general feature of convergent antibodies is not clear. Parallel
lineage mining, focused on exploring the larger CDR H3 sequence
space, may be more likely to identify useful phenotypic leaps as the
ones described here than engineering methods based on point

mutations or structurally similar variants that retain themajor CDR H3
interactions with antigen.

Methods
Production of anti-TREM2 antibodies
All animals used in this study were housed and maintained at Genen-
tech in accordance with American Association of Laboratory Animal
Care guidelines. All experimental studies were conducted under pro-
tocols approved by the Institutional Animal Care and Use Committee
of Genentech Lab Animal Research in an Association for Assessment
and Accreditation of Laboratory Animal Care International-accredited
facility in accordance with the Guide for the Care and Use of Labora-
tory Animals and applicable laws and regulations. The human TREM2
ECD (residues 19 to 174, numbered from initiation codon) fused to
human IgG1 Fc was expressed in CHO cells, and purified by protein A
and size exclusion chromatography. The TREM2-Fc fusion was cleaved
at a TEV cleavage site between TREM2 and the Fc moiety and the
TREM2 ECDpurified by protein A affinity chromatography followed by
size exclusion chromatography of the cleaved TREM2 ECD fractions.
Female Sprague Dawley rats (Charles River, Hollister, CA) between the
ages of 6 and8weekswere immunizedwith thepurifiedhumanTREM2
ECDemulsifiedwithComplete Freund’s Adjuvant. Lymphnodes from3
immunized rats were harvested and class switched B cells were enri-
ched using a cocktail of biotinylated antibodies against rat CD4 (BD
Biosciences, clone OX-35, Cat. 554836), rat CD8a (BD Biosciences,
cloneOX-8, Cat. 554855), rat CD161a (BD Biosciences, clone 10/78, Cat.
550978), rat granulocyte (eBioscience, clone HIS48, Cat. 13-0570-82),
ratCD11b/c (Biolegend, cloneOX-42, Cat. 201803) and rat erythrocytes
(ThermoFisher, clone OX-83, Cat. MA5-17580), used at 5 µg/mL (anti-
CD8, anti-CD4), 2.5 µg/ml (anti-granulocytes, anti-CD11b/c, anti-
CD161a, anti-IgM) and 1 µg/ml (anti-erythrocytes), followed by mag-
netic separation (Miltenyi Biotec, Cat. 130-042-401, 130-041-202) using
streptavidin beads (Miltenyi Biotec, 130-048-101). Cells were then
depleted of IgM-expressing B cells using a biotinylated anti-IgM anti-
body at 5 µg/ml (BD Biosciences, clone G53-238, Cat. 553886) by
magnetic separation as described above. IgM-depleted B cells were
fused with Sp2ab myeloma cells59 (Abeome, Athens, GA) via electro-
fusion (Harvard Apparatus, Holliston, MA). After overnight recovery in
Clonacell-HY Medium C (StemCell Technologies, Cat. 03803), cells
were selected in HAT (hypoxanthine-aminopterin-thymidine) (Sigma-
Aldrich) for 3 days. Fusedhybridomaswere then harvested and stained
with a cocktail of anti-rat IgG1-fluorescein isothiocyanate (FITC)
(Bethyl Laboratories, Cat. A110-106F), anti-rat IgG2a-FITC (Bethyl
Laboratories, Cat. A110-109F) and anti-rat IgG2b-FITC (Bethyl Labora-
tories, Cat. A110-111F), 10 µg/ml each, and 5 µg/ml of human TREM2
fluorescently conjugated to phycoerythrin (PE) (Novus Biological, Cat.
703-0010). Single IgG+/human TREM2+ hybridoma cells were sorted
into 96-well plates using a FACSAriaIII sorter (BD, Franklin Lakes, NJ)
and cultured for 7 days. The gating strategy for hybridoma clone
selection is shown in Supplementary Fig. 18. Supernatants were
screened by ELISA with human TREM2 antigen, and ELISA-positive
clones were scaled-up. IgG from hybridoma supernatants was affinity-
purified by protein A chromatography (Cytiva, Pittsburgh, PA, Cat.
17088604) and screened by flow cytometry for cell surface binding
using HEK293 cells expressing human TREM2. The heavy and light
chain variable regions of antibodies from selected hybridoma clones
were individually sequenced by Sanger sequencing, variable regions
were obtained by DNA synthesis and cloned in mouse IgG2a/kappa
expression vectors. IgG was expressed in human Expi293 cells (Ther-
moFisher Scientific, Cat. A14635) and purified by protein A chroma-
tography as previously described60,61.

Peptide enzyme-linked immunoassay (ELISA)
Synthetic peptides (see Supplementary Fig. 1 for peptide sequences)
biotinylated at the amino-terminus were capture on 96-well ELISA
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plates pre-coated with streptavidin and blocked with PBS buffer
(150mM NaCl, 10mM sodium phosphate, pH 7.4) containing 0.5%
bovine serum albumin (BSA). IgG were diluted to 2 µg/mL in PBS with
0.5% BSA and incubated for 1 hour at room temperature. Plates were
washed 3 times with PBS followed by a 1-hour incubation at room
temperature with a goat anti-mouse IgG conjugated to horseradish
peroxidase. Plates were washed 3 times in PBS and TMB substrate
added to each well. Reactions were stopped after 15min an equal
volumeof 1Mphosphoric acid to eachwell and absorbanceswere read
at 450nm.

Determination of TREM2 agonist activity
Jurkat-based luciferase reporter cell lines were used to test agonist
activity of anti-TREM2 antibodies. Jurkat cells co-expressing human
TREM2 and DAP12 and firefly luciferase under the control of an NFAT
response element were used to detect ITAM signaling transduction. A
Jurkat cell line engineered to stably express firefly luciferase reporter
gene under the control of NFAT response element (Signosis, Cat.SL-
0032-NP) was transduced with a MSCV-based retroviral vector to co-
express full-length human TREM2 and DAP12 to generate the Jurkat-
NFAT luciferase TREM2 reporter cell lines. Purified soluble antibodies
were added at a concentration of 10 μg/mL or indicated dilutions to
the TREM2/DAP12 Jurkat-NFAT luciferase reporter cells and incubated
at 37 °C for 24 h or indicated times. Luciferase activity was measured
by adding Bright-Glo™ substrate (Promega, Cat.E2610). After a
3-minute incubation at room temperature, luminescence measure-
ments were recorded using the M1000 program on a Tecan plate
reader.

Determination of antibody binding to sTREM2
Binding of antibodies to sTREM2was done in a sandwich ELISA. Tested
anti-hTREM2 antibodies and positive control anti-TREM2 IgV domain-
reactive antibody 1.16B8, which does not cross-compete with anti-
bodies in the 3.10A7 or 3.10C2/Para.09 groups or IgV domain-reactive
antibody 3.17A9, were coated onto plate wells as capture reagents.
Plates coatedwith test or control antibodywere incubatedwithdiluted
culture supernatant from bone marrow-derived macrophage (BMDM)
cultures from transgenic mice expressing hTREM2 that naturally and
constitutively shed sTREM2 into the culture supernatant. Biotinylated
antibody 3.17A9 diluted at 3 µg/mL was used as detection reagent.
Measurements were recorded at 450 nm for detection and 570nm for
background.

Blocking of sTREM2 shedding by antibodies
Serially diluted anti-TREM2 antibodies were incubated with Jurkat-
NFAT luciferase reporter cells expressing TREM2 and DAP12 for 24 h
and sTREM2 was measured by ELISA assay using antibody 1.16B8 as
capture reagent as described above.

Repertoire mining
Total RNA was extracted from spleen and bone marrow tissues from
the three TREM2-immunized rats as previously described9. The VH

repertoire was obtained by reverse-transcription (RT) PCR amplifica-
tion of purified total RNA as described9 using IgG and /IgA-specific
constant region primers for the RT step and forward primers specific
for the sequences encoding FR1 and reverse primers specific for the
constant regions for the PCR step. The forward primers used for each
step are listed in Supplementary Data 2. Reverse primers are as pre-
viously described43. PCR forward and reverse primers were pooled in
equimolar ratios. Amplicons of the expected size range around
300–350 base pairs were purified from agarose gels and sequenced by
paired-end sequencing in an Illumina HiSeq instrument. Full-length
reads files were assembled from fastq files and parsed for germline
segment and CDR sequence information using Absolve43. Germline
segment-specific reads were extracted from the Absolve output files,

selecting unique sequences and annotating each for read counts.
Unique sequences with read counts less than 2, sequences with VH10-5
germline segment and IMGT® CDR H3 length shorter than 11 or longer
than 14 residues and sequences with VH6-8 germline segment and
IMGT® CDR H3 length longer than 7 residues were excluded.
Sequenceswere grouped into clonotypes, defined as sameVHgermline
segment (ignoring JH germline segment) and CDR H3 of the same
length and less than 68% amino acid identity to any other sequence
within each group. Sequences were randomly selected from each
clonotype by prioritizing both high sequence count and high somatic
mutation load. Clonotypes with Trp, or Met or Cys residues that can
potentially oxidize and deamidation (NG), aspartic acid isomerization
(DG, DD) sites and single Cys residues in CDRH3were excluded for VH

read selection in the 3.10C2 parallel lineage group. Heavy chain
mammalian expression clones were produced by DNA synthesis of
selected VH sequence followed by cloning into a human IgG1 expres-
sion vector as previously described9.

Antibody humanization
The sequences of the heavy chain CDRs of antibodies Para.09 and
3.10C2 and the light chain CDRs of clonal variant 3.27H7 (combined
Kabat and IMGT® definitions) were grafted onto human VH3-73/JH4
and VH2-28/JK1 frameworks, respectively, by DNA synthesis and
cloned on human IgG1 and light chain expression vectors. The
humanized 3.27H7 light chain also incorporated rat residues V2 and
I71. Antibody huPara.09 heavy chain retained framework rat residues
T25, P50, A54 and V87 whereas hu3.10C2 heavy chain retained fra-
mework rat residues T25, I53, A54 and T85 and I87. Light chain
variable regions were cloned in a human kappa light chain mamma-
lian expression vector62. Heavy chain variable regions were cloned
mammalian expression vectors expressing wild-type human IgG1 or
human IgG1 including the N297G or L234A, L235A, and P329G
(LALAPG) Fc mutations (Eu numbering). Humanized antibodies were
expressed in CHO cells and purified by protein A and size exclusion
chromatography.

Determination of binding affinities
Monovalent antibody binding affinities were determined by SPR at
37 °C using a BIAcore™ T200 apparatus (GE Life Sciences, Piscataway,
NJ), immobilizing IgG in protein A chips (Cytiva, Cat. 29127556) and
using monomeric TREM2 ECD as analyte with a flow rate of 30μl/
minute. Binding affinities of chimeric and humanized 3.10C2 and
Para.09 antibodies were determined in duplicate, with a 1-hour dis-
sociation step to resolve slow off-rates. The capture surface was
regenerated by a 30-second injection of 10mMglycine, pH 1.5 at a flow
rate of 10μl/minute between injections. Interactions were assessed at
37 °C in 10mM HEPES pH 7.4, 150mM NaCl, 0.05% Tween 20 (HBSP).
Reference data from the reference flow cell and from injection of
buffer alone was subtracted prior to kinetic analysis. Kinetic informa-
tion was calculated by fitting data to a 1:1 binding model. Reference
subtraction and data fitting were performed using BIAevaluation
software.

Epitope mapping of 3.10C2 and Para.09
Alanine-scanning mutagenesis of the 3.10C2 and Para.09 epitopes was
carried out by testing the binding of Fab fragments to syntheticTREM2
peptides comprising positions 149 to 161 with single alanine point
mutations, or glycine mutation at position 153. Fab fragments of
antibodies 3.10C2 and Para.09 were transiently expressed in Expi293
cells and purified by CaptureSelect™ CH1-XL chromatography (Ther-
moFisher Scientific, Cat. 194346201 L) followed by a size exclusion
chromatography step. Binding to the synthetic peptides was tested by
biolayer interferometry (BLI) in anOctet Red instrument, immobilizing
synthetic peptides in streptavidin-coated sensor tips and binding the
peptides to free soluble Fab fragments at a concentration of 0.5 µg/mL.
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Reduced maximal binding or faster dissociation of Fab fragments was
used as a readout for the impact of themutations on antibody binding.

Baculovirus particle ELISA (BV ELISA)
BV ELISA was performed as previously described49 using chimeric rat/
human IgG1 or humanized antibodies purified by protein A affinity
chromatography and size exclusion chromatography. Normalized
scores below 5 are considered negative for off-target binding.

Determination of anti-TREM2 complex structures by X-ray
crystallography
Anti-TREM2 Fabs hu10C2 and huPara.09 were expressed transiently in
mammalian Expi293 cells. Secreted protein was purified from the cell
supernatant over Protein G resin, eluted with 0.6% acetic acid, and
adjusted to neutral pH with 1M Tris pH 9.0. Fabs were further purified
over a HiTrap S-HP column (Cytiva, Cat. 17115201) with a 30 CV salt
gradient fromzero to 300mMNaCl in 25mMMESpH5.5 buffer. Afinal
Hiload 16/600 Superdex 75 SEC column exchanged the protein into
crystallography buffer (25mMHEPES pH 7.5, 250mMNaCl). Fabs were
concentrated to a final concentration of 13-16mg/ml. Anti-TREM2
Fab:TREM2 peptide complexes were formed by mixing anti-TREM2
Fab and a 18-mer TREM2 peptide (148-165) at a 3× molar excess of
peptide to Fab and incubating on ice for one hour. Complexes were
screened against a selection of commercial 96-well HTP crystal-
lography screens using 0.1 μl × 0.1 μl drop size. Hits from the initial
screens were optimized using the Hampton additive screen. The
complex of hu3.10C2:TREM2 peptide crystallized in 0.1M MES pH6.5,
0.01M zinc sulfate, 25% PEG MME 550, and 0.01M Praseodymium(III)
acetate hydrate. The complex of huPara.09:TREM2 peptide crystal-
lized in 0.1M MES pH 6.0, 10mM ZnCl2, 20% PEG6000, 3% 1,6-hex-
andiol. For data collection, crystals were briefly transferred into
mother liquor supplemented with 25% glycerol and flash frozen in LN2
for synchrotron data collection. X-ray diffraction data for the
hu3.10C2:TREM2 complex was collected at the Advanced Photon
Source on beamline 24IDC, while huPara.09 was collected at the
CanadianLight Sourceonbeamline08ID.Diffraction datawas reduced
using Global Phasing’s autoProc procedure63 using outputs from
XDS64. Resolution cutoffs were determined using I/σ ~ 1 as the primary
criteria. Initial phases for both datasets were determined using a
molecular replacement search using the Fab from PDB 6OBD as a
starting search model. Following successful identification of the Fabs,
clear and unambiguous density for the TREM2 peptide was observed,
allowing for us to conduct several rounds of model building and
refinement using Coot65 and Phenix66. Final models had an Rwork/Rfree

of 19.3/24.0 (hu3.10C2 complex) and 20.3/24.2 (huPara.09 complex),
with good geometries for both sets of coordinates.

Structure preparation and Rosetta modeling
The crystal structures of hu3.10C2 (chains A/B/E) and huPara.09
(chains C/D/F) were stripped of heteroatoms, had missing sidechains
rebuilt, and were subjected to 20 independent runs of constrained
FastRelax protocol in the PyRosetta (version 2022.41+release.28dc2a1)
software suite67 using the REF201568 energy function. The lowest
energy structure of each was used for all downstream analyzes. Fas-
tRelax was carried out with the following flags:

-ex1 -ex2 -use_input_sc -flip_HNQ -no_optH false -packing:
repack_only true -relax:constrain_relax_to_start_coords
-relax:ramp_constraints false.

Hydrogen bonds were automatically identified from the Rosetta
HBondSet of each pose using an energy cutoff of −0.25 Rosetta energy
units (REU). Two-body interaction energies (2BIE) were computed
using the InteractionEnergyMetric, which includes the energy terms
fa_atr, fa_rep, fa_sol, fa_elec, lk_ball_wtd, hbond_sr_bb, hbond_lr_bb, and

hbond_sc, covering dispersion, solvation, electrostatic, and hydrogen
bonding interactions. For the computational alanine scanning of
TREM2 peptide, residues were individually mutated to alanine (or
tyrosine in the case of H157Y) on separate poses, then all residues
within 10Å of the mutation site were allowed 10 rounds of fixed-
backbone repacking with the PackRotamersMover, followed by
1000 steps of minimization of the lowest-energy repacked state using
MinMover. Notably, the initial rotamers of the surrounding residues
were almost always retained (due to the use of -use_input_sc)
indicating local optimality on the fixed backbone. The change in total
Ab-Ag 2BIE between the peptide and antibody (after mutation and
repacking) relative to the wild-type relaxed structure are reported in
Supplementary Table 4.

Molecular dynamics simulations
Molecular dynamics (MD) simulations were initiated using the lowest
energy structures from the FastRelax protocol described above. For
the unbound TREM2 simulations, TREM2 coordinates were taken from
the hu3.10C2 crystal structure. For apo-state simulations, TREM2
residues were deleted in PyMOL. Hydrogens were stripped, side-chain
pKaswere calculated using PROPKA (v3.0)69 at pH7.4, andprotonation
states were assigned using PDB2PQR (v2.1.1)70. Amber FF19SB71 force
field parameters were assigned, then solvated in an octahedral box of
OPC water (at least 12 Å on all sides of the solute) and neutralized with
NaCl ions using tleap. Protein hydrogen masses were upweighted fol-
lowing the hydrogen mass repartitioning scheme. Simulations (using
Amber 19) were thermalized using the following schedule: 2000 steps
of minimization followed by a 0.5 ns heating to 300K in the NPT
ensemble with all non-solvent atoms restrained by 10 kcal/mol/Å2

spring potentials, then another 2000 stepminimization with no atoms
restrained, a second 0.5 ns heating step with protein atoms restrained
by 10 kcal/mol/Å2 potentials and a third 0.5 ns heating step with the
protein atom restraints reduced to 1 kcal/mol/Å2. The system was
finally equilibrated for 5 ns at 300K with no atoms constrained. All
preceding steps used a 2 fs timestep. Production sampling was carried
out for 1 µs with a 4 fs timestep in the NPT ensemble at 300K. All
simulations employed three-dimensional periodic boundary condi-
tions, a 10Å real-space cutoff for nonbonded interactions with long-
range electrostatics computed using particle mesh Ewald, and hydro-
gen bond lengths were constrained with SHAKE. Each simulation class
was carried out in triplicate. Simulation visualization and analysis was
performed using VMD (v1.9.3)72.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The full variable region sequences of all antibodies tested in the
current study are provided in Supplementary Data 1. The antibody
repertoire NGS datasets generated during the current study are
available from the corresponding author on request. Atomic coor-
dinates for the structures of the hu3.10C2 and huPara.09 Fab frag-
ments in complex with TREM2 have been deposited in the Protein
Data Bank with accession numbers 8T51 and 8T59. All other data are
available in the article and its Supplementary files or from the cor-
responding author upon request. Source data are provided with
this paper.
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