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Plasma-derived polyclonal antibody therapeutics, such as intravenous immunoglobulin, have multiple drawbacks, including low
potency, impurities, insufficient supply and batch-to-batch variation. Here we describe a microfluidics and molecular genom-
ics strategy for capturing diverse mammalian antibody repertoires to create recombinant multivalent hyperimmune globulins.
Our method generates of diverse mixtures of thousands of recombinant antibodies, enriched for specificity and activity against
therapeutic targets. Each hyperimmune globulin product comprised thousands to tens of thousands of antibodies derived from
convalescent or vaccinated human donors or from immunized mice. Using this approach, we generated hyperimmune globulins
with potent neutralizing activity against severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) in under 3 months,
Fc-engineered hyperimmune globulins specific for Zika virus that lacked antibody-dependent enhancement of disease, and
hyperimmune globulins specific for lung pathogens present in patients with primary immune deficiency. To address the limita-
tions of rabbit-derived anti-thymocyte globulin, we generated a recombinant human version and demonstrated its efficacy in
mice against graft-versus-host disease.

hyperimmune globulins derived from immunized animal

any diseases, such as those caused by infectious viruses

or bacteria with many variants or serotypes, are best

treated by drugs that target multiple epitopes. An estab-
lished therapeutic modality is multispecific (multivalent) antibod-
ies derived from human or animal plasma, such as intravenous
immunoglobulin (IVIG)'. Polyclonal antibody drugs with higher
potency, known as hyperimmune globulins, are often derived
from the plasma of recently vaccinated human donors, for exam-
ple, HepaGam B against hepatitis B virus (HBV)? and BabyBIG
against infant botulism®. In diseases for which human vaccina-
tion is not possible, hyperimmune globulins can be generated by
immunizing animals, for example, rabbit-derived thymoglobulin
(‘rabbit-ATG’) against human thymocytes for transplant toler-
ance’. For rapid response to emerging pathogens with poorly
characterized neutralizing epitopes, many groups have developed

plasma or convalescent human serum, for example, Zika virus
hyperimmune globulin® or severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2)%7.

Plasma-derived antibody therapeutics have substantial draw-
backs. First, demand for normal and convalescent donor plasma
often outstrips supply®. Plasma-derived drugs have suffered from
impurities, including infectious viruses and clotting factors, that
have resulted in serious adverse events®'’. Antibody drugs derived
from animal plasma occasionally cause allergic reactions', lead
to antidrug antibodies and have suboptimal effector proper-
ties'’. Because they are derived from naturally occurring proteins,
plasma-derived drugs are not easily engineered; for example, it
is not possible to modify Fc sequences to improve mechanism of
action or drug half-life. Finally, each batch of plasma-derived drug
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is usually derived from a different cohort of human donors or ani-
mals, resulting in batch-to-batch variation'*-".

Many of these problems could be solved by generating multi-
valent hyperimmune globulins using recombinant DNA technol-
ogy. However, this strategy presents substantial technical hurdles.
Most important, a recombinant hyperimmune globulin technology
would have to isolate significant numbers of B cells from donors
or animals, natively pair heavy and light chain immunoglobulin at
a single-cell level, and then clone the sequences into recombinant
expression libraries for manufacturing. Conventionally, most pro-
duction cell lines for recombinant antibody drugs are generated by
random integration of expression constructs into mammalian cell
genomes'. To prevent mispairing between heavy and light chain
immunoglobulin, a recombinant polyclonal hyperimmune globu-
lin technology would require a single genome-integration site.
Pioneering work used 96-well plates to capture antibody sequences
from B cells isolated from human donors immunized with Rho(D)*
erythrocytes and then engineer multivalent recombinant antibod-
ies', but this approach produced drug candidates with <30 anti-
bodies, complicating broad application and reducing potential for
polyvalence.

The technology described here generates recombinant hyperim-
mune globulins for diverse conditions through high-throughput
microfluidics, genomics and mammalian cell engineering. B cells
from human donors or mice are run through a microfluidic platform,
heavy and light chain immunoglobulin nucleic acid sequences are
fused on a single-cell level to create antibody repertoires'®, antibody
repertoires are engineered into full-length expression constructs en
masse, and then the full-length antibody expression constructs are
stably introduced en masse into Chinese hamster ovary (CHO) cells
in a site-directed manner. We applied our technology to develop 10°
to 10* diverse recombinant hyperimmune globulin drug candidates
to address unmet clinical needs for the COVID-19 pandemic, Zika
virus disease, primary immune deficiency (PID) and transplant tol-
erance. We validated a drug candidate in vivo and/or in vitro for
each of the four clinical applications.

Results
Capturing diverse antibody repertoires as CHO libraries.
Mammalian antibody repertoires are extremely diverse, comprising
as many as 107 antibody clonotypes'. Advanced molecular technol-
ogy is required to capture a substantial fraction of a mammalian
donor’s diverse antibody repertoire. We reported methods for gen-
erating millions-diverse libraries of natively paired heavy and light
chain immunoglobulin sequences in yeast'*. That method used
microfluidics to isolate millions of single B cells per hour into pico-
liter droplets for lysis, followed by overlap extension-reverse tran-
scriptase-polymerase chain reaction (OE-RT-PCR), to generate
libraries of natively paired single chain variable fragments (scFv).
Because antibody repertoires often contain many antibodies not
directed against the target(s) of interest, we used a variety of enrich-
ment methods (Fig. 1). For ATG, Zika virus, Haemophilus influenzae
b (Hib) and Streptococcus pneumoniae (pneumococcus), we admin-
istered immunogens to human donors or humanized mice before
sampling antibody-producing cells. For SARS-CoV-2, we recruited
convalescent donors who recently tested positive for COVID-19,
made yeast display scFv libraries from donor B cells and sorted the
libraries derived from these donors to enrich for antibodies directed

against SARS-CoV-2 antigen. In all cases, the output was a library
of thousands to tens of thousands of natively paired scFv DNAs,
enriched for activity against their respective target(s).

Next, we used each library of scFv DNAs to produce natively
paired full-length antibody expression constructs, which were then
engineered into mammalian cells for production of recombinant
hyperimmune globulins (Fig. 1). Cloning into full-length antibody
expression constructs was performed en masse, that is, we per-
formed all molecular steps on full libraries rather than individual
clones. Briefly, the protocol involved a series of two Gibson assem-
blies”, which we termed Gibson assembly 1 (GA1l) and Gibson
assembly 2 (GA2) (Supplementary Figs. 1 and 2). In GAl, the
scFv library was inserted into a vector backbone that contained a
promoter, a fragment of the IgG1 constant domain and a poly(A)
signal. In GA2, we linearized the GA1 plasmid, and subcloned it
into a DNA fragment that contained a fragment of the IgK constant
domain, a second poly(A) signal and a second promoter.

Production cell lines for monoclonal antibodies are typically pro-
duced by randomly inserting expression constructs into the CHO
genome'®. This method produces cell lines with genomic inser-
tion of multiple copies of the expression construct. If we randomly
inserted our polyclonal antibody construct libraries into the CHO
genome, because each cell might contain several inserted trans-
genes, many clones would express multiple antibodies, which would
result in frequent nonnative pairing between heavy and light chain
immunoglobulin. Additionally, different genome locations have dif-
ferent transcriptional activity levels®', which could result in hetero-
geneous, inconsistent and/or unstable bioproduction. We therefore
used CHO cell lines engineered with a Flp recombinase recognition
target landing pad (Supplementary Fig. 3). We then used these cell
lines for stable expression of recombinant hyperimmune globulins
in polyclonal cell banks.

Recombinant hyperimmune globulins for SARS-CoV-2. To
address the urgent unmet clinical need of the COVID-19 pandemic,
we used our technology to build recombinant hyperimmune globu-
lins against SARS-CoV-2, which we call recombinant coronavirus-2
immune globulin, or rCIG. In March 2020, we recruited 50 human
donors from a single clinic in Louisiana who either had tested
positive for SARS-CoV-2 by nasal swab PCR testing or had shown
symptoms of COVID-19 around the time of a major local outbreak.
First, we assessed anti-SARS-CoV-2 plasma titer for each of the
donors using the S1 and receptor binding domain (RBD) regions of
SARS-CoV-2 spike glycoprotein (Fig. 2a and Supplementary Table
1). We observed a wide range of half-maximum effective concentra-
tion (EC,,) values among patients who tested positive for COVID-
19 (range 0.0056-9.94mgml™"). We selected 16 donors with high
plasma antibody titers and used our technology to build yeast scFv
display libraries from pools of two donors, for a total of eight librar-
ies. The libraries comprised a median of 70,940 antibodies (range
54,986-156,592, Supplementary Table 2).

We used flow sorting to enrich for anti-SARS-CoV-2 antibodies
in the eight yeast scFv libraries (Fig. 2b, Supplementary Fig. 4 and
Supplementary Table 2). One round of flow sorting suggested that
a median of 0.99% of antibodies (range 0.42-2.29%) were directed
against SARS-CoV-2. After two rounds of sorting, a median of 62.7%
of unsorted antibody sequences were human IgG1 subtype (range
51.5-83.4%), whereas in the sorted libraries a median of 82.4% of
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Fig. 1| Methods used in this study for generating recombinant hyperimmune globulins. a, B cells were isolated from human donors (vaccinated or
convalescent) or immunized humanized mice. b, Droplet microfluidics were used to capture natively paired antibody sequences from millions of single
cells. ¢, An optional yeast scFv display system was used to enrich for binders to a soluble antigen. d, A two-step Gibson assembly process converted the
scFv fragment to full-length antibody expression constructs, which were then stably integrated into CHO cells following electroporation and selection.
e, After bioproduction, the libraries were characterized in many ways including deep sequencing, in vitro binding and efficacy assays, and in vivo mouse

efficacy studies.
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antibody sequences were human IgG1 subtype (range 63.6-92.2%),  make full-length polyclonal antibody preparations from each of the
suggesting that the COVID-19 antibody response was generally  eight scFv libraries. The antibodies were formatted as human IgG1,
dominated by IgG1l antibodies. Next, we used our technology to  regardless of the initial IgG subtype. We used anti-SARS-CoV-2
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enzyme-linked immunosorbent assay (ELISA), spike:ACE2 block-
ing assays and pseudotype and live virus neutralization assays to
assess the relative activity of each of the eight antibody libraries (Fig.
2f, Supplementary Figs. 5 and 7 and Supplementary Table 2). We
pooled the eight scFv-sorted CHO cell banks in a way that sought
to balance high antibody diversity with high anti-SARS-CoV-2
pseudotype neutralization titer (Supplementary Table 3) and
used the combined cell bank to generate rCIG protein product
(Supplementary Fig. 8). In preparation for manufacturing rCIG for
clinical trials, a comprehensive polishing strategy was developed.
Stress testing showed that the polished protein quality and function
was highly stable, suggesting that rCIG was amenable to large-scale
manufacturing (Supplementary Fig. 9). We completed this entire
process, from delivery of the first donor sample to laboratory-scale
generation of the rCIG protein product, in less than 3 months.

Antibody RNA sequencing of the final CHO cell bank indicated
that the rCIG drug candidate comprised a diverse set of 12,500 anti-
bodies (Fig. 2c and Supplementary Table 4). Additional repertoire
analysis of the linked scFv and CHO cell bank libraries for rCIG
was performed, including variable gene usage frequency, diver-
gence from germline, CDR3H length distribution and sequence
logos of the most abundant clonal clusters (Supplementary Figs. 10
and 11). Anti-SARS-CoV-2 ELISA suggested that the binding titer
of rCIG was between 99- and 747-fold higher than corresponding
plasma (Fig. 2d, Supplementary Fig. 5 and Supplementary Tables 2
and 4). ELISAs with several natural variants of SARS-CoV-2 and
antigens from related viruses, including SARS-CoV and Middle
East respiratory syndrome (MERS) CoV, showed that rCIG bound
a broader variety of antigen targets than IVIG or a neutralizing
CoV-2 monoclonal antibody (mAb; Fig. 2e, Supplementary Fig. 12
and Supplementary Table 4). Finally, spike:ACE2 blocking assays,
pseudotype virus neutralization assays and live SARS-CoV-2 neu-
tralization assays suggested that the neutralizing titer of rCIG was
between 44- and 1,767-fold higher than corresponding convalescent
plasma (Fig. 2f, Supplementary Figs. 6 and 7 and Supplementary
Tables 2 and 4). Antibody RNA sequencing of the CHO cells and
SARS-CoV-2 ELISA binding and SARS-CoV-2 pseudotype neu-
tralization of rCIG protein generated from replicate 3-1 bioreactor
runs did not show significant batch-to-batch variation in antibody
sequence content (Wilcoxon rank sum test, P>0.05) or in vitro
pseudotype neutralization (Feltz and Miller’s asymptotic test,
P> 0.05; Supplementary Fig. 13).

Recombinant hyperimmune globulin for Zika virus. To address
the Zika pandemic, we used our technology to build recombinant
hyperimmune globulins against Zika virus, which we termed recom-
binant Zika immune globulin, or rZIG. Although convalescent

Zika-infected donors may have been available internationally, we
decided to use Zika as a test case to show how recombinant hyper-
immune globulins could be built against an emerging pathogen in
the absence of any human donors. Therefore, to create rZIG, we used
human-transgenic mice (Trianni) that expressed a complete reper-
toire of human antibody sequences. The mice were immunized with
Zika virus antigens (Supplementary Fig. 14). To explore our abil-
ity to engineer an rZIG that would not exhibit antibody-dependent
enhancement (ADE), a safety concern for anti-Zika therapeutic
antibodies, we additionally boosted with four inactivated dengue
virus serotypes.

We used B cells from the immunized animals and our microflu-
idics technology to create an scFv library of natively paired IgGs.
The resulting scFv library comprised approximately 119,700 IgG-
IgK clonotypes (Supplementary Table 5). Because enrichment by
flow sorting is time-consuming and makes (possibly inappropriate)
choices about viral epitope targets, we decided to assess the potency
of an rZIG product produced without enrichment by flow sorting.
To this end, we used the unsorted scFv library and our CHO engi-
neering technology to create rZIG CHO cell banks with a wild type
human IgGl1 isotype (rZIG-IgG1) or a mutated human IgG1 with
abrogated Fc receptor (FcR) binding (rZIG-LALA)*. Antibody
RNA sequencing of IgG sequences in the rZIG cell banks suggested
that the rZIG-IgG1 comprised 33,642 antibodies and rZIG-LALA
comprised 26,708 antibodies (Fig. 3a and Supplementary Table 6).
A Morisita overlap of 86% and a Jaccard overlap of 58% between the
rZ1G-1gG1 and rZIG-LALA libraries suggested that the cell banks
comprised substantially similar antibody repertoires. Additional
repertoire analysis of the linked scFv and CHO cell bank libraries
for rZIG was performed, including variable gene usage frequency,
divergence from germline, CDR3 length distribution and sequence
logos of the most abundant clonal clusters (Supplementary Fig. 15).
We used these CHO cell banks to produce rZIG-IgGl and rZIG-
LALA hyperimmune globulins at laboratory scale (Supplementary
Figs. 16 and 17).

Anti-Zika virus ELISA showed that both rZIG-LALA and rZIG-
IgG1had >75-fold higher titers against Zika virus than a human Zika
positive serum sample (Supplementary Fig. 18 and Supplementary
Table 6). Both rZIG-LALA and rZIG-IgG1 had anti-dengue bind-
ing activity across four serotypes, with pooled EC,, values show-
ing strong correlation with anti-Zika EC,, values (linear regression,
R*=0.9993, F-statistic P < 0.001; Fig. 3b, Supplementary Fig. 19 and
Supplementary Table 5). In contrast, although both rZIG-LALA
and rZIG-IgGl had strong activity in a Zika pseudotype neutral-
ization assay (Supplementary Fig. 20), there was no correlation
between Zika and pooled dengue neutralization (linear regres-
sion, R?=0.00271, F-statistic P>0.05; Fig. 3c and Supplementary

>
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Fig. 2 | Generation and characterization of a recombinant hyperimmune globulin against SARS-CoV-2. a, ELISA of individual human plasma donors

against SARS-CoV-2 S1 antigen (top) or RBD antigen (bottom). Dark blue indicates donors used in rCIG. Each data point represents a single measurement
at a single test article dilution in a single experiment. b, Example FACS enrichment of scFv against CoV-2 RBD from library 1 using yeast display. The x axis
measures presence of a C-terminal c-Myc tag, indicating expression of an scFv on the surface of the cell. The y axis measures binding of antigen to the
scFv-expressing cells. The gates used for yeast selection (double positive) are indicated, with the percentage of scFv-expressed antigen binders in red.
Each plot summarizes a single FACS experiment with one yeast scFv library. ¢, Clonal cluster analysis of rCIG antibodies. Each node represents an antibody
clone (full-length heavy chain). The color of the nodes indicates the sorted scFv library from which the CHO antibody clones were derived. The size of

the nodes reflects the frequency of the clones in the final CHO cell bank (only clones >0.01% are plotted). We computed the total number of amino acid
differences between each pairwise alignment, and edges indicate <5 amino acid differences. d, ELISA of the indicated samples against SARS-CoV-2 S1
antigen (top) or RBD antigen (bottom). Each data point represents a single measurement at a single test article dilution, in a single experiment. e, ELISA of
the indicated samples (indicated by the color) against the indicated antigens (different shapes). For rCIG, no binding was observed against MERS CoV S1.
For the CoV-2 mAb (SAD-S35), no binding was observed against MERS CoV S1and SARS-CoV RBD. Each data point represents a single measurement at a
single test article dilution, in a single experiment. f, Live virus neutralization. Individual dots are separate test articles that represent the minimum antibody
concentration that achieved neutralization. Bars represent median measurements for each test article category. Each test article was run in duplicate

using different aliquots of cells and virus, in a single experiment, with the same result observed for each replicate. No neutralization was seen for IVIG. A
Wilcoxon rank sum test was used to compare the minimum concentration to achieve SARS-CoV-2 live virus neutralization between convalescent plasma
measurements (n=16) and rCIG measurements (n=2).
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Fig. 21). We investigated whether the abrogated Fc function of
rZIG-LALA could decrease ADE in a Zika pseudotype virus assay
(Supplementary Fig. 22). Both Zika* human serum and rZIG-IgG1
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showed considerable ADE, whereas rZIG-LALA showed no detect-
able ADE (Fig. 3d). Antibody RNA sequencing of the CHO cells
and anti-Zika virus ELISA binding of rZIG-IgG1 and rZIG-LALA
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protein generated from replicate bioproduction runs did not show
significant batch-to-batch variation in antibody sequence content
(Wilcoxon rank sum test, P>0.05), and batch-to-batch anti-Zika
virus ELISA results were indistinguishable (Supplementary Fig. 23).

IVIG spike-in for patients with PID. Plasma-derived IVIG acts as
antibody replacement for patients with humoral PID, who have low
serum IgG titers. However, it has insufficient antipathogen activ-
ity for certain patients at-risk for PID. To address this unmet clini-
cal need, we manufactured recombinant hyperimmune globulins
directed against pneumococcus and Hib bacteria, designed as mul-
tivalent ‘spike-ins’ for plasma-derived IVIG, that is, recombinant
Haemophilus immune globulin (rHIG) and recombinant pneumo-
coccus immune globulin (rPIG). Note that rHIG and rPIG are not
replacements for IVIG, but rather supplements meant to increase
the efficacy of IVIG. A full recombinant replacement for IVIG
would require much broader antipathogen activity.

We recruited healthy human donors and administered vaccines
directed against pneumococcus or Hib. Eight to nine days after
vaccination, peripheral blood mononuclear cells (PBMCs) were
collected and shipped to our microfluidics processing facility. We
selected B cells from the PBMCs, ran millions of cells through our
microfluidics platform (Supplementary Table 7), and then used the
scFv libraries and our CHO engineering technology to create IgG1
CHO cell banks for rHIG and rPIG. Heavy chain antibody RNA
sequencing of the cell banks indicated that rHIG comprised 49,206
IgG sequences and rPIG comprised 17,938 IgG sequences (Fig. 4a
and Supplementary Tables 8 and 9). Additional repertoire analysis
of the linked scFv and CHO cell bank libraries for rHIG and rPIG
was performed, including variable gene usage frequency, divergence
from germline, CDR3 length distribution and sequence logos of the
most abundant clonal clusters (Supplementary Figs. 24 and 25). We

Fig. 3 | Generation and characterization of a recombinant hyperimmune
globulin against Zika virus. a, Clonal cluster analysis of rZIG-IgG1 (blue)
and rZIG-LALA (green) antibodies. Each node represents an antibody
clone (full-length heavy chain). The size of the nodes reflects the frequency
of the clones in the final CHO cell bank (only clones >0.01% are plotted).
We computed the total number of amino acid differences between each
pairwise alignment after combining both libraries together, and edges
indicate <5 amino acid differences. b, ELISA of rZIG-1gG1 (blue), rZIG-
LALA (green) and Zika/dengue* serum control (red) for dengue serotypes
1-4 (y axis, indicated by shape) and Zika virus antigen (x axis). Each data
point represents a single test article measured against a single dengue
serotype. Linear regression trendline is indicated in black. Simple linear
regression was used to calculate the coefficient of determination (R?)
between Zika and dengue ELISA EC,, values (n=7, in a single experiment).
EC,, values for all dengue serotypes were pooled for the analysis.
Significance of the regression model was determined using an F-statistic
with 1and 10 d.f. ¢, Pseudotype neutralization by rZIG-IgG1 (blue), rZIG-
LALA (green) and Zika/dengue* serum control (red) for dengue serotypes
1-4 (y axis, indicated by shape) and Zika virus antigen (x axis). Each data
point represents a single test article measured against a single dengue
serotype, in a single experiment. Linear regression trendline is indicated

in black. Simple linear regression was used to calculate the coefficient of
determination (R?) between Zika and dengue pseudotype neutralization
1C;, values (n=11). ICy, values for all dengue serotypes were pooled for
the analysis. Significance of the regression model was determined using an
F-statistic with 1and 10 d.f. d, Zika pseudotype virus ADE assay for rZIG-
1gG1 (blue), rZIG-LALA (green) and positive and negative controls. Test
article concentration is on the x axis. Fold-increase infection is on the y axis,
which was the infection-induced luciferase signal observed in the presence
of antibody divided by the luciferase signal observed with a no-antibody
control. Each data point represents a single measurement at a single test
article dilution, in a single experiment.

used these CHO cell banks to produce rHIG and rPIG hyperim-
mune globulins at laboratory scale (Supplementary Figs. 26 and 27).

Anti-Hib ELISA indicated that rHIG had 233-fold higher titer
than plasma-derived IVIG (Fig. 4b and Supplementary Table 8). A
serum bactericidal assay demonstrated that rHIG was strongly active
against two different Hib strains, whereas no bactericidal activity
was observed for plasma-derived IVIG (Fig. 4c, Supplementary
Fig. 28 and Supplementary Table 8). An ELISA against a combina-
tion of 23 pneumococcus serotypes showed that rPIG has 85-fold
higher titer than plasma-derived IVIG (Supplementary Fig. 29
and Supplementary Table 9). ELISA for individual pneumococcus
serotypes showed that rPIG was at least fivefold higher titer than
plasma-derived IVIG for 13 out of 16 serotypes measured, indicat-
ing broadly enriched multivalent reactivity and significantly higher
than IVIG overall across all separate ELISAs combined (Wilcoxon
signed rank test, P=0.00123; Fig. 4d and Supplementary Table 9).
Finally, semiquantitative serotype-specific opsonophagocytosis
assays suggested that rPIG was as effective or more effective than
plasma-derived IVIG at cell killing for 15 out of 16 serotypes tested,
and had significantly higher activity than IVIG across all separate
opsonophagocytosis assays combined (Wilcoxon signed rank test,
P=0.00251; Fig. 4d and Supplementary Table 9). Antibody RNA
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sequencing of the CHO cells and anti-Hib or antipneumococ-
cal ELISA binding of rHIG or rPIG protein generated from rep-
licate bioproduction runs, respectively, did not show significant
batch-to-batch variation in antibody sequence content (Wilcoxon
rank sum test, P>0.05), and batch-to-batch antipathogen ELISA
results were indistinguishable (Supplementary Figs. 30 and 31).

To simulate the potential clinical application, rHIG and rPIG
were mixed in with plasma-derived IVIG (IVIG+rHIG/rPIG)
at a ratio of 1:1:8 (rHIG:rPIG:IVIG), producing a product with
18.3-fold higher titer than plasma IVIG for Hib and 8.3-fold higher
titer than plasma IVIG for a pool of 23 pneumococcus serotypes
(Supplementary Fig. 32 and Supplementary Table 10). A Hib mouse
challenge model using IVIG + rHIG/rPIG as prophylactic treatment
showed significantly lower bacterial loads in the blood (Welch ¢-test,
P <0.001) and peritoneal fluid (Welch ¢-test, P < 0.001) as compared
to plasma IVIG alone (Fig. 4e).

Recombinant human ATG for transplant tolerance. To encour-
age tolerance of grafts, transplant physicians use a variety immu-
nosuppressive drugs®, such as rabbit-ATG, which is manufactured
by injecting rabbits with human thymocytes and isolating antibod-
ies from the rabbit serum®. However, rabbit-ATG can cause aller-
gic reactions and other complications in humans'’, and the drug
shows significant variation in potency across lots"”. To improve
on rabbit-ATG, we made a recombinant human ATG, or rhATG,
derived from transgenic mice that express human antibodies
(Trianni). The mice were immunized with either human T cells or
human fetal thymocytes (Supplementary Fig. 33). We used B cells
from the immunized animals and our microfluidics technology to
create four scFv libraries of natively paired IgGs: bone marrow cells
from T-cell immunized mice, lymph node cells from T-cell immu-
nized mice, lymph node cells from thymocyte immunized mice and
spleen cells from thymocyte immunized mice. The resulting scFv
libraries comprised a range of 13,314 to 34,324 IgG-IgK clonotypes
(Supplementary Table 11). Additional repertoire analysis of the
linked scFv and CHO cell bank libraries for rhATG was performed,
including variable gene usage frequency, divergence from germline,
CDR3 length distribution and sequence logos of the most abundant
clonal clusters (Supplementary Fig. 34). We then used our CHO
engineering technology to make cell banks from each of the four
libraries.

We produced protein from each of the CHO cell banks, and
then pooled the proteins in equal mass equivalents to create
rhATG (Supplementary Fig. 35). Sequencing of individual librar-
ies suggests that the pool comprised 49,885 antibodies (Fig. 5a and
Supplementary Table 12). We then performed ELISA for a panel of
known cell surface antigen targets for rabbit-ATG* and observed

that rhATG bound several immune cell surface targets, but only a
subset of the targets bound by rabbit-ATG (Supplementary Fig. 36).
To investigate further, we performed in vitro cell killing assays with
human PBMCs, and showed that thATG and rabbit-ATG were not
significantly different in cell killing potency against cytotoxic T cells
and helper T cells (linear mixed effects model, P> 0.05), whereas
rhATG is significantly stronger than rabbit-ATG at killing B cells
(linear mixed effects model, P <0.01) but significantly weaker than
rabbit-ATG at killing natural killer cells (linear mixed effects model,
P<0.01; Fig. 5b). We also performed anti-erythrocyte binding
assays, which suggested that thATG has less off-target activity than
rabbit-ATG (Supplementary Fig. 37).

We studied the efficacy of rhATG in vivo, using a graft-versus-host
(GVH) model in which human PBMCs were grafted onto
immune-incompetent mice’. We dosed animals (n=8 per PBMC
donor) with rhATG, rabbit-ATG or vehicle control, either every
other day for 5weeks starting 5 days after the PBMC graft, or only
on days 5, 6 and 7 after the graft. Two different PBMC donors
were tested for each dosing regimen. After 42days, thATG was
not significantly different from rabbit-ATG for survival (log-rank
pairwise tests, P> 0.05) and was superior to vehicle control for sur-
vival (log-rank pairwise tests, P<0.001), in both dosing schemes
across multiple PBMC donors (Fig. 5c and Supplementary Fig. 38).
In both dosing regimens across both PBMC donors, immune cell
(CD45") expansion was not significantly different between rhATG
and rabbit-ATG (linear mixed effects model, P> 0.05), whereas for
the vehicle control immune cell counts were significantly higher
than rhATG at day 9 (Wilcoxon rank sum tests, P <0.01; Fig. 5d and
Supplementary Fig. 39). We concluded that although rhATG and
rabbit-ATG did not share identical antigen targets, the drugs had
similar efficacy in vivo.

Discussion

We have demonstrated the generation of multivalent, 10° to 10*
diverse recombinant hyperimmune antibody drugs from conva-
lescent human blood donors, vaccinated human blood donors
and humanized mouse repertoires. We extensively validated the
drug candidates using in vitro and in vivo methods, highlighting
their advantages over plasma-derived incumbents. Our technol-
ogy combines methods in microfluidics, genomics and mammalian
cell engineering. Contrasted against previous methods for generat-
ing recombinant polyclonal antibodies", our drug candidates had
hundreds-fold higher antibody diversity and therefore represented
higher fractions of antigen-reactive repertoires. Their advantages
over plasma-derived products include higher potency, the ability
to scale production without collecting further donors, consistency
of production and the ability to modulate pharmacologic problems

>
>

Fig. 4 | Generation and characterization of a recombinant hyperimmune globulin for PID. a, Clonal cluster analysis of rHIG (green) and rPIG (blue)
antibodies. Each node represents an antibody clone (full-length heavy chain). The size of the nodes reflects the frequency of the clones in the final CHO
cell bank (only clones >0.01% are plotted). We computed the total number of amino acid differences between each pairwise alignment, and edges
indicate <5 amino acid differences. b, Anti-Hib ELISA for rHIG (green) and IVIG (black). Each data point represents a single measurement at a single test
article dilution, in a single experiment. ¢, Serum bactericidal assay (SBA) for rHIG (green) and IVIG (black) with the ATCC 10211 Hib strain. Percentage

of no-antibody control (y axis) was computed as the number of bacterial colonies in the test sample divided by the number of bacterial colonies in a
no-antibody control sample. Each data point represents a single measurement at a single test article dilution, in a single experiment. d, ELISA binding to
(dark blue) or opsonophagocytosis of (light blue) the indicated pneumococcal serotype. Fold improvement in binding/activity over IVIG was computed

as a mean of duplicate measurements for rPIG divided by a mean of duplicate measurements for IVIG (based on the binding concentration for ELISA

and the number of bacterial colonies for opsonophagocytosis). Fold improvement over IVIG, by assay (ELISA or opsonophagocytosis) was tested using

a one-sample Wilcoxon signed rank test, with the null hypothesis that the median equals 1, that is, H,=1. For each assay, all individual serotypes were
pooled a single Wilcoxon signed rank test. Values for each individual serotype were generated by dividing the mean of duplicate rPIG measurements by the
mean of duplicate IVIG measurements. e, In vivo assay with ATCC 10211 Hib strain. Each circle represents CFU Hib per ml (y axis) from either peritoneal
fluid or blood from a single mouse in a given test group. Black bars represent mean of the CFU Hib per ml. Dotted lines represent the lower limit of
detection for CFU quantification. Welch's t-tests were used to compare CFU Hib per ml between test groups (n=8 mice per group, in a single experiment).
d.f. were 7.87 for IVIG + rHIG/PIG (500 mgkg™) and 7.13 for IVIG +rHIG/rPIG (200 mgkg™) in peritoneal fluid. d.f. were 10.87 for IVIG + rHIG/PIG

(500 mgkg™) and 8.03 for IVIG +rHIG/rPIG (200 mgkg™) in blood.
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such as ADE. The technology is fast, producing a master cell bank
against a poorly characterized virus (SARS-CoV-2) in less than
3months. The rCIG product (GIGA-2050) has now been manu-
factured at a good manufacturing practice (GMP) facility. GMP

production was similar to the methods described in this study,
except that upstream bioproduction was performed in a single use
bioreactor at the 250-liter scale and downstream purification was
scaled equivalently.
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Fig. 5 | Generation and characterization of a rhATG. a, Clonal cluster analysis of rhATG antibodies. Each node represents an antibody clone (full-length
heavy chain). The color of the nodes indicates the immunized library source. The shape of the nodes indicates the mouse tissue origin. The size of the
nodes reflects the frequency of the clones in the final CHO cell bank (only clones >0.01% are plotted). We computed the total number of amino acid
differences between each pairwise alignment, and edges indicate <5 amino acid differences. b, Cell killing assays of a dilution series of rabbit-ATG (red)
and rhATG (blue) with three PBMC donors. The y axis (% cells) was determined by dividing the number of cells of the indicated cell type present after
overnight incubation with the indicated amount of antibody by the number of cells of that cell type present in a no-antibody control. Each data point
represents a single measurement at a single test article dilution, in a single experiment. Linear mixed effects models were used to compute P values for
each of the four cell types, with group and concentration as fixed effects and PBMC donor as a random effect to account for the dependence of repeated
measures. d.f. were 31 for each of the four models. NK, natural killer. ¢, Survival of mice (n=8 per treatment group, in a single experiment) in the GVH
study using PBMC donor 1treated every other day with a negative vehicle control (black), rabbit-ATG (red) or rhATG (blue). Treatment days are indicated
by green triangles. Kaplan-Meier survival models were fit on time to mortality and pairwise log-rank tests were performed to compare median survival
between treatment groups. d, Flow cytometry was used to determine the concentration of CD45* cells from each alive mouse on days 9, 16, 23 and 30 of
the GVH study from ¢ for negative vehicle control (black circles), rhATG (blue circles) or rabbit-ATG (red circles). Lines connect measurements from each
mouse. No CD45* cells were observed where circles intercept the x axis. Linear mixed effects models were used to compute P values for trends in CD45*
cell counts in each of the four GVH experiments (2 PBMC donors x 2 drug dosing regimens =4 experiments) with day as a fixed effect and PBMC donor
as a random effect to account for the dependence of repeated measures. A Wilcoxon rank sum test was used to compare CD45* cell counts on day 9 for
saline negative control versus rhATG and saline negative control versus rabbit-ATG, in each of the four GVH experiments (2 PBMC donors x 2 drug dosing
regimens =4 experiments).
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Emerging viruses are a constant and unpredictable threat
to human health. In the past two decades alone, the world has
seen outbreaks of Ebola virus”’, SARS*, MERS”, 2009 HIN1
swine flu®, Zika Virus’' and SARS-CoV-2 (ref. *?), among oth-
ers. Notwithstanding recent successes in rapid development of
SARS-CoV-2 prophylactic vaccines, previous vaccine development
efforts required very long development timelines”. Development
of broadly neutralizing monoclonal antibodies is often confounded
by the difficulty of identifying broadly neutralizing epitopes”, and
escape variants can emerge over time. Because of such issues, con-
valescent COVID-19 plasma emerged as a promising approach
early in the COVID-19 pandemic®’. However, convalescent plasma
is difficult to manufacture at scale because convalescent plasma
supply is constrained and each plasma donor supplies enough
therapeutic for only 1-2 patients. We concluded that rCIG was a
promising alternative to COVID-19 convalescent plasma due to
significantly higher potency against live virus (Wilcoxon rank sum
test, P=0.02869) and the ability to scale GMP production without
the need to recruit more donors.

Although Zika virus has been less widespread and less deadly
than SARS-CoV-2, Zika can spread from mother to fetus in utero,
resulting in birth defects such as microcephaly®. As of July 2020,
there was no FDA-approved vaccine or therapy for Zika virus. Zika
virus disease is complicated by ADE**, a phenomenon in which
poorly neutralizing antibodies enhance viral infection by bringing
virus particles to cells that express FcR. This problem is particularly
troublesome for individuals who have been previously infected with
dengue, a related flavivirus, since many anti-dengue antibodies are
poor neutralizers against Zika virus and vice versa”. ADE is a safety
concern in the development of plasma-derived hyperimmune globu-
lins and vaccines™. We concluded that rZIG-LALA was a promising
alternative to plasma-derived drugs, due to high neutralizing potency
against Zika virus and complete abrogation of the risk of ADE.

Although plasma-derived IVIG reduces rates of serious infec-
tions in PID, many patients still suffer frequent serious infections
that require hospitalization”. In particular, about 78% of serious
lung infections are caused by pneumococcus and Hib bacteria®.
Clinicians have improved outcomes by further increasing IVIG
doses", suggesting that, however, bacterial species are often incred-
ibly diverse; for example, there are 90 known pneumococcus sero-
types*, complicating therapeutic development. We concluded that
a polyvalent IVIG+rHIG/rPIG product had strong potential to
address unmet clinical needs in patients with PID through increased
potency against key pathogens.

In 2019, nearly 40,000 solid organ transplants were performed
in the USA alone (www.unos.org). Transplantation generally intro-
duces at least some mismatch between the human leukocyte antigen
genotypes of the donor and host. This frequently results in some
host-versus-graft effects, leading to loss of the graft and other seri-
ous complications. Our work suggested that rhATG could one day
address unmet clinical needs in transplant tolerance.

In the future, there are many opportunities to improve the man-
ufacturing processes we report here. First, input linked scFv rep-
ertoires typically comprised approximately two- to fourfold more
antibodies than the final CHO cell banks, due to inefficiency of
mammalian cell transfection with plasmids. Our previous work
to clone T-cell receptor (TCR) repertoires into Jurkat cells was
much more efficient”, but that work used lentivirus rather than
Flp-In site-directed integration, and therefore many Jurkat clones
expressed multiple TCRs. Another issue is the inability to charac-
terize the protein diversity of the drug candidates; rather, antibody
RNA sequencing is used as a proxy for protein diversity. Advances
in proteomics may help to solve this problem*. Our method relies
on PCR amplification of RNA from single cells, which may suffer
from amplification bias*. Although our goal was not necessarily to
precisely recapitulate the input repertoires, PCR bias can result in

undesired antibody ratios. Improvements in throughput and cost of
DNA synthesis* may abrogate the need for PCR amplification and
allow for precise engineering of complex antibody mixtures.

The drug candidates we describe can also be improved. For
example, rPIG did not bind equivalently to different serotypes. To
improve this product, we could sort yeast scFv libraries for binders
to specific serotypes and then mix in ratios that might be consid-
ered more clinically appropriate. Also, although rhATG functioned
similarly to rabbit-ATG in our in vivo GVH model and showed less
off-target binding, further in vivo work may reveal that a different
multivalent mixture would be more efficacious. Such a mixture
could be made by further optimizing mouse immunizations, and/or
implementing a yeast scFv sorting protocol that selects for on-target
specificity using cell lysate, as we have reported previously”.

Our technology for generating recombinant hyperimmune glob-
ulins combines the advantages of recombinant antibodies (purity,
consistency, potency) with the advantages of plasma-derived anti-
bodies (proven efficacy, diversity, polyvalence, in vivo affinity matu-
ration). In this current study, we have shown how the technology
can improve existing plasma-derived products such as IVIG and
rabbit-ATG. Polyclonal antibodies contain drugs with different
mechanisms of action, potentially increasing efficacy; for example,
rCIG may contain some antibodies optimized to block binding of
virus to ACE2 and other antibodies optimized to clear virus through
complement fixation. In the future, our technology could be used
to develop drugs with new mechanisms of action, for example,
antitumor antibody mixtures or antiplasma cell mixtures to cure
humoral-driven autoimmune disease. It could also be extended to
develop recombinant polyclonal IgM or IgA. To strengthen readi-
ness against future pandemics, recombinant hyperimmune globu-
lin cell banks against the most pressing biodefense threats could be
produced preemptively.
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Methods

Generating paired heavy and light chain libraries. Generation of scFv libraries
from antibody-producing cells'® comprises three steps: (1) poly(A) + mRNA
capture, (2) multiplexed OE-RT-PCR) and (3) nested PCR. Briefly, a microfluidic
device captures single cells in droplets with a mixture of lysis buffer and oligo

dT beads (NEB). After the cell is lysed and messenger RNA is bound to the

bead, the emulsion is broken and the mRNA-containing beads are purified.

Next, an emulsion is created using OE-RT-PCR reagents including a pool of
primers directed against the IgK C region, the IgG C region and all V regions
(Supplementary Table 13)*, and the mRNA-bound beads as a template. The
emulsion is subjected to thermal cycling, which creates complementary DNA,
amplifies the IgK and IgG variable regions and links them together in an scFv
format. Then the emulsion is broken and the linked scFv DNA product is extracted
and purified. The purified scFv product is then amplified using nested PCR to
remove artifacts and add adapter sequences. Depending on the adapter sequences,
the product can be used for deep sequencing, yeast display libraries or full-length
CHO expression.

To convert the scFv libraries into full-length CHO expression libraries, we
first used nested outer PCR primers to add adapters with overhangs for Gibson
assembly to the 5’ and 3’ ends of the scFv library (for rCIG, this was done after
yeast scFv display enrichment, as described in the next section). Then NEBuilder
HiFi DNA Assembly Master Mix (NEB) was used to insert the scFv library into
a vector containing a single promoter, a secretory leader sequence for light chain
immunoglobulin and the remainder of the IgG1 constant region, creating a cloned
scFv library (GA1 backbone, Supplementary Fig. 2; GenBank accession number
MW079271). This intermediate library (GA1 product, Supplementary Fig. 2;
example plasmid sequence provided as GenBank accession number MW079272)
was transformed into E. coli and plasmids were purified by either (1) spreading
onto LB-ampicillin plates, scraping 0.5-1 million colonies and pooling or (2)
inoculating directly into LB-ampicillin broth and growing overnight. Plasmid
purification was performed using ZymoPURE II Plasmid Maxiprep Kits (Zymo
Research). To create the full-length antibody library, we performed a second
Gibson assembly by linearizing the GA1 product with BamHI-HF (rHIG) or
Nhel-HF (rCIG, rPIG, rhATG and rZIG) (NEB) and using it as a vector to
insert a synthetic amplicon (Supplementary Fig. 2, GenBank accession number
MW079275) containing a portion of the light chain immunoglobulin constant
region, a poly(A) signal for light chain immunoglobulin, a promoter for the IgG
gene and a secretory leader sequence for the IgG gene. The full-length library was
then transformed into E. coli and spread on LB-ampicillin plates. We typically
combined >0.5 million colonies and purified plasmid with a ZymoPURE II
Plasmid Maxiprep Kits (Zymo Research) to make the full-length recombinant
hyperimmune globulin maxiprep library for transfection (GA2 product,
Supplementary Fig. 2; example plasmid sequence provided as GenBank accession
number MW079273). When the transformed E. coli were inoculated directly into
LB-ampicillin medium, a small volume of cells was plated to calculate the total
number of transformants. In some cases, ampicillin was used for both plates and
medium, whereas in other cases carbenicillin was used instead of ampicillin. Paired
heavy and light chain libraries were made only once from each sample.

Enrichment for antigen binders by yeast scFv display. Polyclonal COVID-19
scFv libraries were sorted" to enrich for relevant sequences. Briefly, yeast surface
display scFv libraries were generated using COVID-19 scFv DNA libraries and a
custom yeast surface display vector transformed by electroporation into EBY100
yeast strain (MYA-4941, ATCC). Surface displayed scFv sequences include a
C-terminal myc tag to identify scFv expression with 1 pl per sample of undiluted
anti-myc primary (A21281, Thermo Fisher Scientific) and 1 pl per sample of
undiluted AF488 secondary antibody (A11039; Thermo Fisher Scientific). Binding
to antigen was identified by staining with soluble biotinylated SARS-CoV-2

RBD antigen (SPD-C82E9, Acro Biosystems) at 1,200 nM and APC-streptavidin
(SA1005, Thermo Fisher Scientific). Stained yeast libraries were sorted on a
FACSMelody (BD Biosciences, with BD fluorescent activated cell sorting (FACS)
Chorus software v.1.3.3) and double positive (AF488*/APC*) cells were collected.
The gating strategy is outlined in Supplementary Fig. 4. The collected cells were
expanded and sorted again to further enrich the libraries. After the second
round of sorting, cells were expanded a third time before plasmid isolation with
a Zymoprep Yeast Plasmid Miniprep kit (Zymo Research). The plasmid libraries
were then used as template for barcoding PCR and subsequent analysis by deep
sequencing (Illumina). Plasmid from twice-sorted libraries was used as template
for PCR toward full-length CHO antibody expression. Yeast scFv sorting was
performed only once from each yeast scFv library.

Bioproduction of rHIG and rhATG. Adapted Flp-In-CHO cells stably expressing
antibody libraries were grown in media consisting of 90% BalanCD CHO Growth
A Medium (Irvine Scientific), 9% Ham’s F-12 (Thermo Fisher Scientific), 1% FBS
(Thermo Fisher Scientific), 4mM Glutamax (Thermo Fisher Scientific), 0.2%
anticlumping agent (Irvine Scientific), 600 pg ml~' Hygromycin-B (Gemini Bio).
Protein production was performed at either small (250 ml) or medium (51) scale.
For small-scale production, cells were seeded at 1 X 10° cells per ml into 50 ml

of media in a 250 ml Erlenmeyer flask and grown at 37°C, 5% CO,, 125r.p.m.

Cells were continually grown under these conditions and supplemented with
7.5ml of CHO Feed 1 (Irvine Scientific) on days 2, 4 and 7 of the production run.
Supernatant was harvested on days 8 or 9 by centrifugation followed by filtration
through a 0.22-pm 250 ml filter bottle (MilliporeSigma) with a 1 pm prefilter
(MilliporeSigma). Harvested cell culture fluid (HCCF) was stored at 4°C (if less
than 1 week) or at —80°C (if more than 1 week) until Protein A purification. For
medium-scale production, cells were grown in the same media. Cells were then
seeded at 1x 10°cells per ml in 2.311in a 51 flask (in duplicate, day 0). Each flask
was fed with 345 ml of CHO Feed 1 (Irvine Scientific) on days 2 and 4 of the
culture. Cultures were gathered on days 8 or 9. Each of the four rhATG protein
libraries were produced separately. Bioproduction was performed twice each for
rHIG and rhATG.

Bioproduction of rPIG, rZIG and rCIG. CSS-1286 CHO cells stably expressing
antibody libraries were grown in media without glutamine (EX-CELL CHOZN
Advanced, MilliporeSigma). Protein production was performed at either small
(500 ml flask) or medium (51 flask) scale. For small-scale production, cells were
seeded at 0.5% 10° cells per ml into 100 ml media in a 500 ml Erlenmeyer flask
and grown at 37°C, 5% CO,, 125 r.p.m. Cells were continually grown under these
conditions and supplemented with 15ml of CHO Feed 1 (MilliporeSigma) on day
3, and 10 ml of CHO Feed 1 (MilliporeSigma) on days 6 and 8 of the production
run. Starting on day 3, glucose was measured each day and supplemented to 6 gl~!
if below 4 gl~'. Supernatant was harvested after cell viability peak and before
dropping below 70% viability between days 9 and 11, centrifuged and filtered
through a 0.22-pm 250 ml filter bottle (MilliporeSigma) with a 1 pm prefilter
(MilliporeSigma). HCCF was stored at 4 °C (if less than 1 week) or at —80°C (if
more than 1 week) until Protein A purification. For medium-scale production,
cells were grown in the same media. Cells were seeded at 0.5 10°cells per ml

in 2.21in a 51 flask (in duplicate, day 0). Each flask was fed with 330 ml of CHO
Feed 1 (MilliporeSigma) on day 3 and 220 ml of CHO Feed 1 (MilliporeSigma)
on days 6 and 8 of the production run. Starting on day 3, glucose was measured
each day and supplemented to 6 gl™" if below 4 gl™'. Cultures were gathered on
days 10-12. Bioproduction was performed three times for rCIG and twice each
for rZIG and rPIG.

Protein production and characterization. After harvest, HCCF was purified
using MabSelect PrismA (Cytiva) using 1 X PBS (Teknova) for running and wash
buffer, 0.1 M Citrate, pH 3.0 (Teknova) for elution and 1 M sodium citrate pH 6.0
(Teknova) for neutralization. The protocol was 10 column volumes (CV) of
equilibration, HCCF loading, 10 CV of washing and 5-10 CV of elution followed by
cleaning-in-place with 1 M NaOH. HCCF was loaded with a 1-min residence time.
Eluted material was neutralized to a pH of roughly 4.5 and centrifuged to remove
any precipitation. This material was dialyzed into 0.2 M glycine, pH 4.5 (Teknova)
using a 20K molecular weight cutoff dialysis cassette (Thermo Fisher Scientific)
and optionally concentrated up to 30 mg ml~" using a 50 kDa molecular weight
cutoff spin device (MilliporeSigma). Final material was sterilized with a 0.22 pm
filter and quantified by A280 (NanoDrop, Thermo Fisher Scientific). For rhATG,
each of the four libraries were purified by Protein A separately and then equally
pooled based on mass.

Purity of the protein was determined by size-exclusion-HPLC. Here, 20 pg of
material at 1 mgml~! was injected over a 300 A, 2.7 pm, 7.8 X 300 mm size-exclusion
column (Agilent) using a mobile phase of 25 mM phosphate, 200 mM NaCl pH7.0
with 10% acetonitrile at 1 mlmin~". The percentage of monomer was determined
by integrating the product peaks and reporting the percent area corresponding to
roughly 150kDa. The product was further characterized by running 2 pg on a 12%
SDS-PAGE gel under reduced and nonreduced buffering conditions and imaged
after staining with SimplyBlue SafeStain (Thermo Fisher Scientific).

Protein production was performed once for each of the bioproduction runs.

Statistical analysis. All statistical tests were performed on nonnormalized data,
two-sided without adjustments to type I error rates. We used a significance
threshold of @=0.05 for all statistical tests. All statistical analyses were conducted
using R v.3.6.2.

For Fig. 2f, a Wilcoxon rank sum test was used to compare the minimum
concentration to achieve SARS-CoV-2 live virus neutralization between
convalescent plasma measurements (1= 16) and rCIG measurements (n=2).

For Fig. 3b, simple linear regression was used to calculate the coefficient of
determination (R?) between Zika and dengue ELISA EC;, values. EC;, values for
all dengue serotypes were pooled for the analysis. Significance of the regression
model was determined using an F-statistic with 1 and 10 degrees of freedom (d.f.).
All measurements were performed in a single experiment. No power analysis was
carried out to predetermine an appropriate sample size for this experiment.

For Fig. 3¢, simple linear regression was used to calculate the coefficient
of determination (R*) between Zika and dengue pseudotype neutralization
half-maximum inhibitory concentration (ICs,) values. IC;, values for all
dengue serotypes were pooled for the analysis. Significance of the regression
model was determined using an F-statistic with 1 and 10 d.f. All measurements
were performed in a single experiment. No power analysis was carried out to
predetermine an appropriate sample size for this experiment.
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For Fig. 4d, fold improvement over IVIG, by assay (ELISA or
opsonophagocytosis) was tested using a one-sample Wilcoxon signed rank test,
with the null hypothesis that the median equals 1, that is, H,= 1. For each assay,
all individual serotypes were pooled a single Wilcoxon signed rank test. Values for
each individual serotype were generated by dividing the mean of duplicate rPIG
measurements by the mean of duplicate IVIG measurements. All measurements
were performed in a single experiment. No power analysis was carried out to
predetermine an appropriate sample size for this experiment.

For Fig. 4e, Welch’s t-tests were used to compare colony forming units
(CFU) Hib per ml between test groups and d.f. were 7.87 for IVIG + rHIG/rPIG
(500mgkg™") and 7.13 for IVIG + rHIG/rPIG (200 mgkg™) in peritoneal fluid, and
were 10.87 for IVIG + rHIG/rPIG (500 mgkg™") and 8.03 for IVIG + rHIG/rPIG
(200mgkg™) in blood. All measurements were performed in a single experiment.
No power analysis was carried out to predetermine an appropriate sample size for
this experiment.

For Fig. 5b, linear mixed effects models were used to compute P values for each
of the four cell types, with group and concentration as fixed effects and PBMC
donor as a random effect to account for the dependence of repeated measures:
the d.f. were 31 for each of the four models. All measurements were performed
in a single experiment. No power analysis was carried out to predetermine an
appropriate sample size for this experiment.

For Fig. 5¢c and Supplementary Fig. 38, Kaplan-Meier survival models were
fit on time to mortality and pairwise log-rank tests were performed to compare
median survival between treatment groups. All measurements were performed
in a single experiment. No power analysis was carried out to predetermine an
appropriate sample size for this experiment.

For Fig. 5d and Supplementary Fig. 39, linear mixed effects models were
used to compute P values for trends in CD45* cell counts in each of the four
GVH experiments (2 PBMC donors X 2 drug dosing regimens =4 experiments)
with day as a fixed effect and PBMC donor as a random effect to account for the
dependence of repeated measures. A Wilcoxon rank sum test was used to compare
CD45* cell counts on day 9 for saline negative control versus rhATG and saline
negative control versus rabbit-ATG, in each of the four GVH experiments (2
PBMC donors X 2 drug dosing regimens =4 experiments). No power analysis was
carried out to predetermine an appropriate sample size for this experiment.

For Supplementary Figs. 13, 23, 30 and 31, we assessed whether batch-to-batch
variation was more significant than the variability inherent to the assays used to
make the measurements.

For rCIG pseudotype neutralization assays (Supplementary Fig. 13), Feltz and
Miller’s asymptotic test was used to determine whether the coefficient of variation of
three bioproduction batch IC;, measurements (18%) was different from the coefficient
of variation of eight IC,, measurements on a fourth bioproduction batch (17%).

To assess batch variation in antibody sequence content, the Wilcoxon rank sum
test was used to test whether the Jaccard or Morisita indices from PCR replicates
from each bioproduction batch came from the same populations as the Jaccard
or Morisita indices among bioproduction batches. Sequencing was performed
in a single experiment. No power analysis was carried out to predetermine an
appropriate sample size for this experiment.

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

Data availability

Plasmid and cloning insert sequences are available on GenBank (GA1 backbone,
GenBank accession number MW079271; GA1 product, GenBank accession
number MW079272; synthetic amplicon insert, GenBank accession number
MW079275; GA2 product, example plasmid sequence provided as GenBank
accession number MW079273; PMD-4681, GenBank accession number
MW079274. Sequencing data are available in the Short Read Archive under
project identifier PRINA649279. All raw data (ELISAs, flow cytometry, in vitro
neutralization assays and so on) can be made available on reasonable request for
noncommercial use.
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets

- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Plasmid and cloning insert sequences are available on GenBank (GA1 backbone, GenBank accession number MWQ079271; GA1 product, GenBank accession number
MWO079272; synthetic amplicon insert, GenBank accession number MW079275; GA2 product, example plasmid sequence provided as GenBank accession number
MWO079273; PMD-4681, GenBank accession number MWQ079274. Sequencing data are available in the Short Read Archive (SRA) under project identifier
PRINAG49279.

Figures 2, 3, 4, and 5 have associated raw sequence data.

All raw data not deposited in data repositories (ELISAs, flow cytometry, in vitro neutralization assays, etc.) can be made available on reasonable request for non-
commercial use.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size Figure 3b: No power analysis was performed to predetermine an appropriate sample size for this experiment.
Figure 4d: No power analysis was performed to predetermine an appropriate sample size for this experiment.
Figure 5b: No power analysis was performed to predetermine an appropriate sample size for this experiment.
Figure 5d, Supplementary Figure S39: No power analysis was performed to predetermine an appropriate sample size for this experiment.
Supplementary Figures S13, S23, S30, S31: No power analysis was performed to predetermine an appropriate sample size for this experiment.
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Data exclusions | No data were excluded.

Replication Figure 2. (a) Each data point represents a single measurement at a single test article dilution, in a single experiment. (b) Each plot summarizes
a single FACS experiment with one yeast scFv library. (c) Each data point represents a single measurement at a single test article dilution, in a
single experiment. (e) Each data point represents a single measurement at a single test article dilution, in a single experiment. (f) Each test
article was run in duplicate using different aliquots of cells and virus, in a single experiment, with the same result observed for each replicate.
Figure 3. (a) Each data point represents a single test article measured against a single Dengue serotype. (c) Each data point represents a single
test article measured against a single Dengue serotype, in a single experiment. (d) Each data point represents a single measurement at a
single test article dilution, in a single experiment.

Figure 4. (b) Each data point represents a single measurement at a single test article dilution, in a single experiment. (c) Each data point
represents a single measurement at a single test article dilution, in a single experiment. (d) Measurements were performed in duplicate, with
similar results. (e) This experiment was performed once.

Figure 5. (b) Each data point represents a single measurement at a single test article dilution, in a single experiment. Each measurement was
performed in triplicate. (c) This experiment was performed once. (d) This experiment was performed once.

Randomization Figure 4(e): Mice were randomized into treatment groups by animal identifier after inoculation with Hib bacteria.
Figure 5(b) and 5(c): Mice were randomized by body weight on Day 5 after PBMC engraftment.

Blinding For all in vitro and in vivo work, test articles were assigned unique identifiers. Investigators were blinded to the identities of all test articles for
all work performed external to GigaGen (live coronavirus neutralization, Zika virus pseudotype neutralization, ADE assays, Hib and
pneumococcus in vitro studies, all in vivo work).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms
Human research participants

Clinical data
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Antibodies

Antibodies used Anti-myc primary (A21281; Thermo Fisher Scientific, Waltham, MA, USA)
AF488 secondary antibody (A11039; Thermo Fisher Scientific, Waltham, MA, USA)
polyclonal HRP goat anti-rabbit IgG (E28002 Novodiax, Hayward, CA, USA)
anti-SARS CoV-2 (CR3022; Absolute Antibody, San Diego, CA, USA)
anti-SARS CoV-2 (SAD-S35; Acro Biosystems, Newark, DE, USA)




plasma-derived IVIG (Gamunex; Grifols, S.A., Sant Cugat, Spain)

rabbit anti-human IgG HRP conjugate (Southern Biotech 6140-05, Birmingham, AL, USA)

anti-Zika (UWI-mAb1; 1gG1 isotype cloned from de-identified donor by University of the West Indies, found to be cross-reactive to
Zika and Dengue 1-4)

anti-Zika/Dengue sera (UWIS; de-identified sample screened positive for Zika and Dengue 1-4 by University of the West Indies);
Thymoglobulin (Sanofi Genzyme; Cambridge, MA, USA)

mouse anti-human 1gG HRP (109-035-088; Jackson ImmunoResearch, West Grove, PA, USA)

anti-CD45 BV650 (clone HI30; BioLegend 304043, San Diego, CA, USA)

anti-CD45 PE (clone HI30; BioLegend 304008, San Diego, CA, USA)

anti-CD3 (clone UCHT1; BioLegend 300439, San Diego, CA, USA)

CD8 (clone BW135/80; Miltenyi 130-113-157, Bergisch Gladbach, Germany)

anti-CD20 (clone 2H7; BioLegend 302340, San Diego, CA)

anti-CD56 (clone 5.1H11; BiolLegend 362509, San Diego, CA, USA)

anti-CD16 (clone 3G8; BioLegend 302017, San Diego, CA, USA)

lot 89SF serum (National Institute for Biological Standards and Control; Hertfordshire, UK)

Validation Anti-myc primary (A21281; Thermo Fisher Scientific, Waltham, MA, USA) -- validated by vendor using flow cytometry.
AF488 secondary antibody (A11039; Thermo Fisher Scientific, Waltham, MA, USA) -- validated by vendor using flow cytometry and
Western blot.
polyclonal HRP goat anti-rabbit IgG (E28002 Novodiax, Hayward, CA, USA) -- validated by vendor using ELISA
plasma-derived IVIG (Gamunex; Grifols, S.A., Sant Cugat, Spain) -- GMP product approved by FDA
Thymoglobulin (Sanofi Genzyme; Cambridge, MA, USA) -- GMP product approved by FDA
rabbit anti-human IgG HRP conjugate (Southern Biotech 6140-05, Birmingham, AL, USA) -- validated by vendor using Western blots
and ELISA
mouse anti-human 1gG HRP (109-035-088; Jackson ImmunoResearch, West Grove, PA, USA) -- validated by vendor using Western
blots and ELISA
anti-CD45 BV650 (clone HI30; BioLegend 304043, San Diego, CA, USA) -- validated by vendor using flow cytometry.
anti-CD45 PE (clone HI30; BioLegend 304008, San Diego, CA, USA) -- validated by vendor using flow cytometry.
anti-CD3 (clone UCHT1; BioLegend 300439, San Diego, CA, USA) -- validated by vendor using flow cytometry.
CD8 (clone BW135/80; Miltenyi 130-113-157, Bergisch Gladbach, Germany) -- validated by vendor using flow cytometry.
anti-CD20 (clone 2H7; BioLegend 302340, San Diego, CA) -- validated by vendor using flow cytometry.
anti-CD56 (clone 5.1H11; BiolLegend 362509, San Diego, CA, USA) -- validated by vendor using flow cytometry.
anti-CD16 (clone 3G8; BioLegend 302017, San Diego, CA, USA) -- validated by vendor using flow cytometry.
Certificates of analysis were obtained from commercial vendors for all commercial antibodies used in the study.
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In addition to the vendor validations for the antibodies listed above, the study investigators validated each antibody with positive
control reference samples with known reactivities using appropriate methods (ELISA or flow cytometry). The antibodies all generally
performed as expected.

Recombinant hyperimmune globulin test articles were subjected to endotoxin quantification, ELISA, SDS-PAGE, and SEC HPLC prior to
any in vitro or in vivo work. All commercially- and academically-sourced drug test article antibodies (anti-Zika serum, anti-SARS CoV-2
serum, anti-SARS CoV-2 monoclonal antibodies) were assessed by ELISA, flow cytometry, and/or other functional assay in parallel
with other negative and positive controls, and generally performed as expected.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Flp-In™-CHO were from Thermo Fisher Scientific (Waltham, MA, USA).
CHO line CHOZN® GS-/- was obtained from MilliporeSigma (St. Louis, MO, USA).
EBY100 yeast strain was from ATCC (MYA-4941; Manassas, VA, USA).
HEK 293T cells were from ATCC (CRL-11268; Manassas, VA, USA).
BHK/DC-SIGN cells were from ATCC (CRL-325; Manassas, VA, USA).
K562 cells were from ATCC (CCL-243; Manassas, VA, USA).
Vero E6 cells were from ATCC (CRL-1586; Manassas, VA, USA).
HL60 cells were from ATCC (CCL-240; Manassas, VA, USA).

Authentication Certificates of analysis were obtained from vendors for all cell lines used in the study.

CHO cells were sequence verified using shotgun whole genome sequencing or targeted sequencing (lllumina). Other than the
CHO cells, the identities of the cell lines were not authenticated independently by the study investigators.

All cellular assays were validated with positive and negative control test articles. All cell lines performed as expected in their
respective assays or applications.

Mycoplasma contamination Flp-In™-CHO and CHOZN GS tested negative for mycoplasma.

The study investigators did not assess any other cell lines used in this study for mycoplasma.




Commonly misidentified lines No commonly misidentified cell lines were used in this study.

(See ICLAC register)

Animals and other organisms

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

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Humanized mice were engineered by Trianni (San Francisco, CA, USA). Trianni mice were bred and obtained from Charles River
Laboratories (Wilmington, MA, USA). All mice were male and 12-15 weeks old at the start of the immunization process. Antibody
Solutions (Santa Clara, CA, USA) performed all Trianni Mouse immunizations. Local ethical regulations were followed for mouse
immunizations by the Antibody Solutions IACUC. The mice were ear marked for identification by the breeder and housed in
individually ventilated cages (Innovive, San Diego, CA, USA) and racks with HEPA filtered air at a density of up to 5 mice per cage. The
animal room was lighted entirely with artificial fluorescent lighting, with a controlled 12 h light/dark cycle (7 am to 7 pm light). The
normal temperature and relative humidity ranges in the animal rooms were 20-22.2°C and 30-70%, respectively. The animal rooms
were set to have up to 10 air exchanges per hour. Sunnyvale municipal tap water and rodent chow (Teklad Global, Indianapolis, IN,
USA) were provided ad libitum.

NOD scid gamma (NSG) mice (genotype: NOD.Cg-Prkdcscid I12rgtm1Wijl/SzJ) were from Jackson Labs. All mice were female, age 6-8
weeks. The mice were ear notched for identification and housed in individually ventilated polysulfonate cages with HEPA filtered air
at a density of up to 5 mice per cage. The animal room was lighted entirely with artificial fluorescent lighting, with a controlled 12 h
light/dark cycle (6 am to 6 pm light). The normal temperature and relative humidity ranges in the animal rooms were 22-26°C and
30-70%, respectively. The animal rooms were set to have up to 15 air exchanges per hour. Filtered tap water, acidified to a pH of 2.5
to 3.0, and standard rodent chow was provided ad libitum.

rhATG study: Balb/c) mice were from Taconic, Denmark. All mice were female, age 6-8 weeks. The temperature and humidity were
registered daily in the animal facilities. The temperature was 22°C +/- 2°C and can be regulated by heating and cooling. The humidity
was 55 +/- 10%. The air changes per hour were approximately 8-12 times (70-73 times per hours inside cages), and light/dark period
was in 12-hours interval of 6 am - 6 pm / 6 pm — 6 am. The mice had free access to domestic quality drinking water and food (Teklad
Global diet 2916C-Envigo) and occasionally peanuts and sunflower seeds (Kgge Korn A/S). The mice were housed in IVC cages , 6-8

mice per cage, with bedding from Tapvei. Further, the animals were offered Enviro-Dri nesting material and cardboard houses (Bio-
Serv).

No wild animals were used in this study.
No field collected samples were used in this study.

For Trianni Mouse immunizations, the Antibody Solutions IACUC was responsible for study oversight.
For the GVH model for rhATG, the Jackson Labs IACUC was responsible for study oversight.

For the Hib challenge model, the SSI IACUC was responsible for study oversight.

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

Human research participants

Policy information about studies involving human research participants

Population characteristics

rCIG: Donors were recruited from a single hospital in New Orleans among patients randomly presenting with symptoms of
COVID-19. 22% of the donors were Male, 78% of the donors were Female. 10% of the donors were Black, and 90% of the
donors were white. The average age of the donors was 50. The youngest donor was 24 and the oldest donor was 71. No
genetic information was collected for the donors.

Inclusion criteria:

- Any gender

- Aged 18-71 years

- Prior infection with COVID-19 determined by clinical symptoms (2 or more of the following: fever, sore throat, coughing, or
shortness of breath) or positive test result

- Note: diseases other than autoimmune and viral infections specifically stated in the Exclusion criteria are irrelevant; any
prior medical history is irrelevant

Exclusion criteria:

- <18 years

->70years

- No history of COVID-19 infection

- Female currently pregnant

- Known autoimmune disease

- Known infection with HIV, HBV, HCV [Note: we would eventually need these samples to be screened for these to confirm]
- Other pre-existing conditions are not an exclusion criteria

rPIG: Healthy male or female donors aged 19-64, recruited at a single blood center from a database of frequent blood
donors.

Three donors (Donor 1, 57-year-old Caucasian male; Donor 2, 44-year-old Caucasian male; Donor 3, 35-year-old Caucasian/
Asian male) were immunized with Pneumovax23 vaccine (Merck, Kenilworth, NJ, USA).
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Recruitment

Ethics oversight

No genetic information was collected for the donors.

rHIG: Healthy male or female donors under the age of 40, recruited at a single blood center from a database of frequent
blood donors.

Two donors (Donor 1, a 26-year-old Caucasian female, and Donor 2, a 21-year-old Asian male) were immunized with
PedvaxHIB vaccine (Merck, Kenilworth, NJ). USA)

No genetic information was collected for the donors.

rCIG: Sample size of n=50 may have been large enough to reflect the characteristics of the population presenting with
COVID-19 at one hospital in New Orleans. However, self-selection bias or other biases that may have been present may have
impacted the nature of the study subjects, thereby impacting the antibody repertoires captured. As a result, the study
investigators made no attempts to generalize the repertoire data to any broader population.

rPIG: Sample size was only n=3, representative of no particular population. Self-selection bias or other biases that may have
been present may have impacted the nature of the study subjects, thereby impacting the antibody repertoires captured. As a
result, the study investigators made no attempts to generalize the repertoire data to any broader population.

rHIG: Sample size was only n=2, representative of no particular population. Self-selection bias or other biases that may have
been present may have impacted the nature of the study subjects, thereby impacting the antibody repertoires captured. As a
result, the study investigators made no attempts to generalize the repertoire data to any broader population.

rCIG: Institutional Review Board (IRB) protocol #PRO00026464 (Advarra, Columbia, MD, USA) to Access Biologicals.
rPIG: IRB protocol #7000-SOP-045 (Alpha IRB, San Clemente, CA, USA) to AllCells.
rHIG: IRB protocol #PRO00028063 (Medical College of Wisconsin/Froedtert Hospital IRB) to GigaGen.

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

Flow Cytometry

Plots
Confirm that:

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

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Yeast scFv sorting (SARS CoV-2, only): Surface displayed scFv sequences express C-terminal myc tag to identify scFv
expression. Yeast are stained with an anti-myc primary (A21281; Thermo Fisher Scientific, Waltham, MA, USA) and AF488
secondary antibody (A11039; Thermo Fisher Scientific, Waltham, MA, USA). Binding to antigen was identified by staining with
1200nM biotinylated antigen and stained with Streptavidin-APC.

CDA45 flow cytometry: (in vitro) PBMCs were isolated, incubated overnight with ATG in RPMI. Cells were stained for immune
markers.

CD45 flow cytometry (in vivo): Whole blood was taken retro-orbitally, stained with CD3-FITC, CD45-PE, 7AAd and CD8-AF647,
RBC were lysed with ammonium chloride solution and CountBright beads were added.

Yeast scFv sorting: FACSMelody (BD)
CD45 flow cytometry (in vitro): Cytoflex (Beckman Coulter)
CD45 flow cytometry (in vivo): FACSCanto (BD)

Yeast scFv sorting: BD FACSChorus™ software
CDA4S5 flow cytometry (in vitro): CytExpert
CDA45 flow cytometry (in vivo): BDFACSDiva™ software

Yeast scFv sorting: 5000 gated cmyc+antigen+ events were collected.

CD45 flow cytometry (in vitro): Sample was collected for 150 seconds/sample to control cell population abundance.
CD45 flow cytometry (in vivo): Sample was collected according 20,000 CD45+ cells and cell abundance normalized to
absolute number of cells using CellBright bead counts.

Refer to online methods and supplementary figures for further detail.

Yeast scFv sorting: cmyc+ Antigen+ cells were sorted for enrichment of antigen-specific scFv.
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Gating strategy CDA4S5 flow cytometry (in vitro): All analysis was done on gated PBMCs, singlets, and CD45+ cells for all cultures. Effector cells
were: subsequently gated as CD3+CD8+ ; Helper cells were subsequently gated as CD3+CD8-; B cells were subsequently
gated as CD20+ and NK cells were subsequently gated as CD16+CD56+.

CD45 flow cytometry (in vivo): All analyses were done on gated PBMC singlets, live cells and CD45+ cells.

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