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ABSTRACT

Human parainfluenza virus type Ill (HPIV3) is a common respiratory pathogen that afflicts children and can
be fatal in vulnerable populations, including the immunocompromised. There are currently no effective
vaccines or therapeutics available, resulting in tens of thousands of hospitalizations per year. In an effort
to discover a protective antibody against HPIV3, we screened the B cell repertoires from peripheral blood,
tonsils, and spleen from healthy children and adults. These analyses yielded five monoclonal antibodies
that potently neutralized HPIV3 in vitro. These HPIV3-neutralizing antibodies targeted two non-
overlapping epitopes of the HPIV3 F protein, with most targeting the apex. Prophylactic administration
of one of these antibodies, PI3-E12, resulted in potent protection against HPIV3 infection in cotton rats.
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Additionally, PI3-E12 could also be used therapeutically to suppress HPIV3 in immunocompromised
animals. These results demonstrate the potential clinical utility of PI3-E12 for the prevention or treatment
of HPIV3 in both immunocompetent and immunocompromised individuals.

Introduction

Human parainfluenza virus type III (HPIV3) is a common
cause of respiratory illness in infants and children. Over
11,000 hospitalizations per year in the US occur for fever or
acute respiratory illness due to HPIV3.! HPIV3, like respira-
tory syncytial virus (RSV), infects early in life and frequently
causes severe bronchiolitis and pneumonia in infants under 6
months of age who are unable to mount a robust antibody
response.>> HPIV3 is also an important cause of mortality,
morbidity, and health-care costs in other vulnerable popula-
tions, such as immunocompromised hematopoietic stem cell
transplant (HCT) recipients.* Up to a third of HCT recipients
acquire a respiratory viral infection within 6 months of
transplant.’™'' In up to a third of those patients, the virus
progresses from the upper to the lower respiratory tract.*’
Once the virus gains a foothold in the lower tract, little can
be done for most patients beyond supportive care, and up to
40% of patients with lower tract disease die within 3 months.
HPIV3 is an important cause of serious respiratory viral infec-
tions after HCT, with a cumulative incidence of 18% post-
transplant at the Fred Hutchinson Cancer Research
Center.”'>"'* In the absence of any vaccine or therapy, there
is a substantial need for preventive and therapeutic interven-
tions against HPIV3.

Neutralizing monoclonal antibodies (mAbs) have been cor-
related with protection against several respiratory viruses,
including RSV and influenza."”™" Palivizumab, a humanized
mAD targeting the Fusion (F) protein of RSV, is approved for

use as immunoprophylaxis to prevent severe disease in high-
risk infants.”® The F protein of RSV is an essential surface
glycoprotein, and therefore a major neutralizing antibody tar-
get. As a class I fusion protein, F mediates viral entry by
transitioning between a metastable prefusion (preF) conforma-
tion and a stable postfusion (postF) conformation. Since preF
is the major conformation on infectious virus, antibodies to
preF are the most potent at neutralizing virus, whereas anti-
bodies targeting postF generally are not.*"** Similar to RSV,
the F protein of HPIV3 also adopts preF and postF
conformations.”>** HPIV3 F was recently stabilized in the
preF conformation and induced higher serum neutralizing
titers than the HPIV3 postF conformation.*” In an effort to
isolate mAb candidates for prevention and therapy, we devel-
oped a high-throughput screening strategy that enabled the
rapid selection and testing of human HPIV3 preF-specific
B cells for the ability to neutralize HPIV3. We used this method
to isolate several potent neutralizing mAbs, characterized their
binding, and tested one of these antibodies in an in vivo chal-
lenge model.

Results

Identification and isotype of HPIV3-specific B cells within
the human B cell repertoire

We biotinylated the HPIV3 F protein in either the preF or
postF conformation and mixed each with fluorochrome-
labeled streptavidin. We then enriched for HPIV3 preF- and
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Figure 1. Screening human PBMCs for HPIV3-specific B cells. HPIV3-specific B cells were labeled with APC-conjugated streptavidin tetramers of biotinylated HPIV3
prefusion (preF) protein followed by magnetic enrichment using microbeads against APC. Representative flow cytometry plot of enriched HPIV3-specific B cells after
gating on live (fixable viability dye negative), CD3/CD14/CD16™, and CD19" B cells. Cells in the red box of the enriched fraction are B cells that bind the preF but not
postfusion (postF) conformation of the HPIV3 F protein. The percentage is of total cells shown in the flow plot. N = 6 donors.

postF-binding B cells using magnetic microbeads conjugated
to antibodies targeting the fluorochrome. Using this approach,
we identified B cells that specifically bound the preF conforma-
tion and not the postF conformation or fluorochrome-labeled
streptavidin using flow cytometry (Figure 1). Since the sero-
prevalence to HPIV3 in humans is almost complete,”® we did
not need to pre-screen donors for sero—positivity against
HPIV3. Using this approach, we found on average 0.13%
(95% confidence interval 0.10-0.15, N = 6 donors) of B cells
in peripheral blood bound HPIV3 preF.

Binding and neutralization of HPIV3 within the human
B cell repertoire

We next sought to determine how many of the HPIV3 preF-
binding B cells identified by flow cytometry produced antibo-
dies that could bind and neutralize HPIV3. For this, we sorted
92 HPIV3 preF-binding B cells from two donor peripheral
blood mononuclear cell (PBMC) samples into individual
wells of a 96-well plate and obtained 25 paired heavy and
light chain sequences (Supplemental Table 1). We expressed
all 25 as mAbs and confirmed binding to purified HPIV3 preF
for 100% (25/25) of antibodies using bio-layer interferometry
(BLI) (Figure 2a), highlighting the specificity of our approach.
Among this group, two mAbs, PI3-E12 and PI3-C9, demon-
strated the highest signal during the association phase, suggest-
ing a possible difference in binding stoichiometry compared to
the other mAbs. However, PI3-E12, but not PI3-C9, was
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capable of neutralizing live virus in vitro (Figure 2b).
Together, these data indicated that a low frequency of HPIV3
preF tetramer-binding B cells express high-affinity antibodies
capable of neutralizing HPIV3.

To focus upon B cells producing neutralizing antibodies, we
modified our assay to sort individual B cells onto irradiated
3T3 feeder cells expressing CD40L, IL-2, and IL-21 to allow for
higher throughput screening of culture supernatants for neu-
tralization prior to antibody cloning, as described.”” In general,
over half of sorted B cells and 87% of sorted IgD™ B cells
produced antibody levels detectable by enzyme-linked immu-
nosorbent assay (ELISA) (Figure 3a). Aiming to improve our
yield for isolating B cells capable of producing neutralizing
antibodies, we excluded IgD-expressing cells since these cells
would be the least likely to have undergone the somatic hyper-
mutation and affinity maturation necessary for potent neutra-
lization. We also included tonsils and spleens from unmatched
donors, since these secondary lymphoid organs might be
enriched for B cells that had undergone affinity maturation
for binding HPIV3. Using this approach, we found that 14% of
IgD™ HPIV3 preF-binding B cells sorted from tonsils produced
HPIV3-neutralizing antibodies, as compared to 5% from the
spleen and 2% from peripheral blood (Figure 3b).

From these cultures, we cloned four additional HPIV3-
neutralizing mAbs named PI3-A3, PI3-B5, PI3-A10, and PI3-
A12 (Figure 3c). None of these antibodies could neutralize the
related virus HPIV1. Since we envisioned these antibodies
potentially being administered clinically in the IgG1 format,
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Figure 2. Identification of a potent HPIV3-neutralizing antibody from HPIV3 preF-binding B cells. (a) Bio-Layer Interferometry (BLI) measurements of association and
dissociation between HPIV3 preF and 25 monoclonal antibodies (mAbs) cloned directly from individually sorted HPIV3 preF-binding B cells. (b) Plaque reduction
neutralization test of the PI3-E12 mAb (N = 2 per group). Error bars in b represent standard deviation.
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Cc Apparent Affinity and Neutralizing Titers
HPIV3preF  HPIV3 postr  HPIV3  HPIV1
mAb  Source > ; PRNTg, PRNTg,
Kp(M) R* Kp(M) R (ng/mL) (ng/mL)
PI3-E12 PBMCs <1.0x10"? 0.99 n.b. - 19.3 n.n.
PI3-C9 PBMCs 4.0x10® 097 n.b. - n.n. n.n.
PI3-A3 Tonsils 1.5x10° 098 n.b. - 7.0 n.n.
PI3-B5 Spleen 3.7x10° 097 n.b. - 61.4 n.n.
PI3-A10 Spleen 1.8x10"° 0.95 n.b. - 30.8 n.n.
PI3-A12 Spleen <1.0x10" 0.94 n.b. - 229 n.n.
PIA174 PBMCs <1.0x10"? 0.99 6.1x10® 0.99 16.1 n.n.
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Figure 3. Higher throughput screening of human PBMCs, tonsils, and spleen for B cells capable of producing neutralizing antibodies against HPIV3. a) Detection of IgG
by ELISA in supernatant from total B cells and IgD™ B cells of unknown specificities (N = 2 donors) individually sorted and expanded on irradiated IL.-21*/IL-2*/CD40L*
3T3 feeder cells. (b) Plaque reduction neutralization screen of supernatant from HPIV3 preF-specific B cells individually sorted and expanded on feeder cells. N = 2
donors in each group with a total of 120 cells from PBMCs, 120 cells from tonsils, and 1,235 cells from spleen. (c) Analysis of apparent affinity (Kp) and neutralization
potency of monoclonal antibodies isolated from the neutralization screen. Binding to HPIV3 preF or postF at 0.5, 0.25, 0.125, and 0.0625 uM was measured by BLI. The
dissociation step was extended to 600 s. Error bars represent standard deviation. R? represents the coefficient of determination. N.b. indicates no binding detected.
Neutralizing titers of HPIV3-specific monoclonal antibodies were determined by 60% plaque reduction neutralization tests on Vero cells using green fluorescent protein
(GFP)-labeled HPIV3 or HPIV1. N.n. indicates non-neutralizing. (d) Auto-reactivity antibody assay in HEp-2 cells using mAbs targeting HPIV3 preF. Binding was detected
using a secondary Alexa Fluor 647 (AF647)-conjugated goat anti-human antibody. The mAb palivizumab was used as a negative control and 2F5 and G4 as a positive
control for autoreactivity. The average fluorescence intensity was calculated from two independent experiments and error bars represent standard deviation.

similar to palivizumab, we measured apparent binding affinity,
which incorporates avidity (Figure 3¢, Supplemental Figure 1,
and Supplemental Table 2). Under avid binding conditions, all
antibodies bound with a high apparent binding affinity to
HPIV3 preF (Supplemental Figure 1 and Supplemental
Table 2). The neutralization potency of these antibodies ranged
from 7.0 to 61.4 ng/mL. Each neutralizing mAb used different
immunoglobulin heavy and light chain alleles except for PI3-
A3 and PI3-B5, which both utilized the kappa allele 1-5*03
(Supplemental Table 3). None of the alleles matched those of
the previously described HPIV3 antibody PIA174.>° The simi-
larity to germline sequences of the variable genes from these
neutralizing antibodies ranged from 90-97% (Supplemental
Table 3). All of these newly described antibodies bound
strongly to the preF conformation without any detectable
binding to the postF conformation (Figure 3c), as expected
given the exclusion of B cells binding postF during the sort.
In contrast, the previously described antibody PIA174 bound
weakly to the postF conformation. In anticipation of adminis-
tering these antibodies in vivo, we confirmed that none bound
to permeabilized HEp-2 cells (Figure 3d), a common assess-
ment of autoreactivity.”**’

We next performed cross-competition binding experiments
to gauge the antigenic sites on HPIV3 preF allowing for neu-
tralization. Three of these five new neutralizing mAbs (PI3-
E12, -A3, and -B5) fully competed with each other and the
previously described antibody PIA174 (Figure 4a). PI3-A10
also competed with this group, but only partially with PI3-

E12 (Figure 4a). Based on the known binding site of PIA174,
this antigenic site is likely located at the apex of HPIV3 preF.*
We propose calling this antigenic site @ on HPIV3 preF for
consistency, since the apices of RSV and HMPV preF are also
called antigenic site ?.3%31 The fifth neutralizing monoclonal,
PI3-A12, only weakly competed with PI3-A10 and not at all
with the others, suggesting the presence of an antigenic site
vulnerable to neutralization by antibodies outside of antigenic
site @ (Figure 4a).

We performed negative stain electron microscopy (nsEM)
of PI3-E12 F,,, PI3-A12 F,;, and PI3-C9 F,, in complex with
HPIV3 preF (Figure 4b, ¢) to confirm the binding location of
these antibodies. Although we could form a complex by size
exclusion chromatography (SEC) of HPIV3 preF with PI3-C9
F.p, nsEM did not show bound PI3-C9 F,, molecules. 2D
classifications and 3D reconstruction indicated that PI3-A12
F,, was bound to the side of HPIV3 preF in a 3:1 ratio,
confirming that its epitope does not overlap with that of pre-
viously described PIA174 antibody and defining a new site of
neutralization on HPIV3 preF (Figure 4b). Of note, this site is
reminiscent of site V on RSV F.** As predicted earlier by our
BLI and competition experiments, 2D classifications and 3D
reconstruction showed that the PI3-E12 F,;, bound at the apex
of HPIV3 preF in a 1:1 ratio (F,y:trimer). We obtained a 2.1 A
structure of PI3-E12 Fab using X-ray crystallography (Figure
4d, Supplemental Table 4). We superimposed the structure of
PI3-E12 and PIA174 F,s (root mean standard deviation: 1.4
A% and the main differences in structural organization lay
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Figure 4. Structural analysis of monoclonal antibodies against HPIV3 preF. (a) Epitope binning of mAbs using the Octet system. Penta-HIS probes were coated with HIS-
tagged HPIV3 preF. The mAb listed on the left-side of the chart was loaded first onto the coated probe followed by the mAb listed on the top of the chart. Values
represent the level of competition between antibodies for the same binding site on HPIV3 preF. This is expressed as the percent drop in maximum signal of the top mAb
in the presence of the left mAb compared to the maximum signal of the top mAb alone. Red boxes represent 80-100% competition for the same binding site, yellow
boxes represent 40-80% competition, and white boxes represent 0-40% competition. (b, c) Negative stain electron microscopy (nsEM) 2D classifications of HPIV3 preF
in complex with PI3-A12 F,, (b) and PI3-E12 F,;, (c) with 3D reconstruction. Coordinates of HPIV3 preF trimer (blue, PDB ID 6MJZ), trimeric domain GCN4 (orange, PDB ID
4DME), and crystal structure of PI3-E12 F,;, (green, this paper) were fitted in the 3D map. (d) Structure of PI3-E12 F,, with CDRs colored and labeled. Left, cartoon
representation. Right, surface representation. (e) Structural alignment with PIA174 (shown in blue). (f) Sequence alignment of PI3-E12 and PIA174. Alignment with
germline (gl) CDRL1 sequences are also shown with mutations from germline highlighted in red.

within the CDRLI1, which is longer in PI3-E12 and CDRH3
(Figure 4e, f). Both CDRLI sequences in PI3-E12 and PIA174
contained mutations from germline (Figure 4f).

Together, our results indicate that the HPIV3 preF apical
antigenic site @ is a common target of neutralizing antibodies
that can be accessed by antibodies using different gene segments.

In vivo protection against HPIV3 infection

We next investigated the potential clinical utility of mAb
administration in an animal challenge model of HPIV3 infec-
tion. We chose to focus our efforts on mAbs that bound site @,
since a mAb against RSV targeting this homologous site, nir-
sevimab, is in late-stage clinical trials.”> Therefore, we selected
PI3-E12 for in vivo testing because it was among the most
potent neutralizing antibodies targeting site @ and, unlike
PIA174, did not bind to the post-fusion conformation of
HPIV3 F. Although the human parainfluenza viruses do not
replicate in mice, lower respiratory tract viral replication can be
demonstrated in cotton rats infected intranasally with
HPIV3.**®> The cotton rat model was used in the past to
predict not only the efficacy of antibody immunoprophylaxis,
but also the exact dose of palivizumab, 15 mg/kg, that would be
effective against RSV in human infants.’® Therefore, we
adopted a similar experimental design and injected
0.625-5 mg/kg of PI3-E12 intramuscularly 1 day prior to

intranasal infection of cotton rats with 10> plaque-forming
units (pfu) of HPIV3 (Figure 5a).

The amount of HPIV3 detected in the lung was reduced
~6-fold at the lowest tested dose of 0.625 mg/kg PI3-E12 and
was below the limit of detection in 8/9 animals injected with
2.5 mg/kg or more (Figure 5b).

More modest reductions in HPIV3 replication in the nose
were also detected (Figure 5b), which was expected given the
relatively poor ability of IgG antibodies to enter this
compartment.’**> Together, the data indicate an ECs, of
0.35 mg/kg and an ECyy of 1.80 mg/kg for PI3-E12-mediated
prevention of HPIV3 infection in the lungs.

Since patients receiving cytotoxic therapy for cancer or auto-
immune diseases and other immunocompromised groups are at
the highest risk for severe disease and mortality due to HPIV3
infection, we tested the efficacy of PI3-E12 as treatment in
immunosuppressed animals. For this, we adopted a similar
experimental design used to model RSV in immunocompro-
mised cotton rats in which the drug Cytoxan (cyclophospha-
mide) is administered to deplete lymphocytes.’*>* Animals were
treated with 5 mg/kg of Cytoxan injected every 3 days for 21 days
prior to intranasal infection with 10° pfu of HPIV3 (Figure 6a).
This regimen led to stable lymphopenia, with absolute lympho-
cyte counts decreasing from an average of 6,200 cells/uL to 2,000
cells/uL (Figure 6b). Five days after infection, ~10* pfu/g could be
detected in the lungs and nose of control animals that did not
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Figure 5. Efficacy of prophylactic and therapeutic administration of the neutralizing HPIV3 mAb PI3-E12 in vivo. (a) Schematic of experiments in which cotton rats were
injected intramuscularly with 0.625 - 5 mg/kg of PI3-E12 one day prior to intranasal challenge with 10° pfu HPIV3 (N = 4). (b) HPIVS3 titers by plaque assay in nasal and
lung homogenates at day four post-infection. Error bars represent standard deviation and asterisks indicate P < .05 by t-test compared to control mice injected with PBS.
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Figure 6. Efficacy of therapeutic administration of the neutralizing HPIV3 mAb PI3-E12 in vivo. (a) Schematic of experiments in which cotton rats were injected
intramuscularly 5 mg/kg Cytoxan every three days for three weeks prior to infection with 10° PFU of HPIV3 with or without 5 mg/kg PI3-E12 one day later. (N = 5). (b)
White blood cell counts (WBC) and absolute lymphocyte counts (ALC) prior to Cytoxan treatment and after 21 days of Cytoxan treatment. (c) HPIV3 titers by plaque assay
in nasal and lung homogenates at day four post-infection. Error bars represent standard deviation and asterisks indicate P < .05 by t-test compared to pre-Cytoxan

treatment in (b) or to control mice injected with PBS in (c).

receive PI3-E12 (Figure 6¢). In contrast, viral titers were dimin-
ished 28-fold in the lungs and 2-fold in the nose when 5 mg/kg of
PI3-E12 was injected 1 day after infection (Figure 6c).

Together, our data indicate that PI3-E12 can both prevent
and treat HPIV3 infection.

Discussion

The ability to isolate neutralizing mAbs and to identify their
antigenic-binding sites has revolutionized our ability to

understand, prevent, and treat viral infections, some of which
include HIV, Ebola, RSV, influenza, and the newly emerged
SARS-CoV-2, responsible for the current COVID-19
pandemic.’®*' One of the goals of this study was to quantify
the frequency of B cells capable of producing neutralizing
antibodies against HPIV3. We designed our B cell probes and
flow cytometry panel to allow the selection of B cells that bind
specifically to the preF but not the postF conformation of
HPIV3 F protein. Even with this selection strategy, we found
that the majority of HPIV3 preF-specific B cells failed to
neutralize virus. This is not surprising, since B cells undergo



positive selection based on signals that stem from the affinity of
binding between their immunoglobulin receptor and cognate
antigen, regardless of neutralization.*>*’ In the circulating
peripheral blood of healthy individuals, the frequency of
HPIV3 preF-binding B cells was only 0.13% of all B cells, and
the frequency of HPIV3-neutralizing B cells was only 2% of
IgD™, HPIV3 preF-binding B cells. As a result, our original
strategy of sorting and directly cloning antibodies from indivi-
dual HPIV3 preF-specific B cells from peripheral blood identi-
fied predominantly low-affinity naive B cells, was laborious,
expensive, and inefficient, and yielded only a single neutraliz-
ing mAb. Therefore, we switched to a higher-throughput neu-
tralization screening strategy for HPIV3 based upon an assay
developed for HIV.*”** This allowed us to scan thousands of
individual B cells from peripheral blood, tonsils, and spleens
and select only those that produced neutralizing antibodies
against HPIV3 for subsequent mAb cloning. Using this
method, we confirmed the low frequency of HPIV3 preF-
specific B cells able to produce neutralizing antibodies and
isolated four additional potent HPIV3-neutralizing mAbs.

Many human-derived neutralizing mAbs are based on
B cells found in peripheral blood.”**** We decided to com-
pare the frequency of B cells capable of producing neutralizing
antibodies in readily accessible secondary lymphoid organs
that might be enriched for B cells that had undergone affinity
maturation. We therefore sampled human tonsils from chil-
dren undergoing elective tonsillectomy and human spleens
from previously healthy adult deceased organ donors. Since
virtually all children by the age of three demonstrate serologic
evidence of infection by parainfluenza virus, we did not need to
screen donors for evidence of previous infection.”® We found
that tonsils were significantly enriched with B cells capable of
producing HPIV3-neutralizing mAbs. Although tonsillectomy
is a common procedure and has long been thought to have
negligible long-term health effects, more recent data suggest
tonsillectomy may be associated with increased long-term risks
for respiratory infections.** Human spleens were also enriched
for B cells capable of neutralizing HPIV3, although the magni-
tude of enrichment was much lower than in tonsils.

The majority of neutralizing antibodies against HPIV3
appeared to target the apex of the F protein in a similar fashion
to neutralizing antibodies against RSV.>**’ The ability of PI3-
E12 to bind the apex of HPIV3 preF in a ratio of 1 Fab: 1 trimer
is also reminiscent of the binding mode of VRC26.25, the most
potent HIV V1V2-recognizing antibody isolated to date.*® PI3-
E12 showed high specificity for the pre-fusion conformation of
HPIV3 F, unlike the previously isolated apical binding mAb
PIA174, which also bound weakly to the post-fusion confor-
mation. The ability of PIA174 to bind the post-fusion confor-
mation was unexpected since the antigenic site at the apex is
unique to the prefusion conformation. In the related fusion
protein of RSV, the apical antigenic site consists of an unstruc-
tured region and an alpha-helix that are displaced by more
than 5 A in the post-fusion conformation.* It is possible that
PIA174 is able to bind weakly to small stretches of linear
epitopes found in both the pre- and post-fusion conforma-
tions. Interestingly, the mAbs we isolated all used different
immunoglobulin heavy and light chain alleles. A similar phe-
nomenon was previously described in which human antibodies
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targeting the receptor binding site of hemagglutinin were
found to arise from nearly unrestricted germ-line origins
from multiple donors, and as a result viral resistance to one
antibody did not confer resistance to all.”® This suggests a wide
variety of evolved solutions to the problem of blocking viral
attachment and binding are available in the general population,
making this antigenic site an appealing vaccine target.”’

Since HPIV types 1-4 are related, cross-neutralizing anti-
bodies may exist in the B cell repertoire. Of the parainfluenza
viruses, HPIV1 and HPIV3 are phylogenetically the most clo-
sely related, belonging to the same Respirovirus genus.
However, immunity is type-specific and vaccination of non-
human primates with one type does not induce cross-
neutralization.”® The resolution of available structural maps
has limited the analysis of potential epitope conservation
between HPIV3 and HPIV1** None of the HPIV3-
neutralizing antibodies described here neutralize HPIV1.

Given the in vitro potency of PI3-E12, we anticipated a low
ECsp. Similar to palivizumab for RSV, a dose of at least 2.5 mg/
kg reduced HPIV3 levels in the lungs in virtually all animals.
Additionally, 5 mg/kg of PI3-E12 significantly reduced HPIV3
replication in the nose, in contrast to palivizumab which failed
to suppress RSV replication in the nose even at a dose of 8 mg/
kg.”>>* Given the ability of PI3-E12 to suppress HPIV3 replica-
tion in the nose and lungs of immunocompromised animals
when given after infection, PI3-E12 could play a role in both
prophylaxis or therapy against HPIV3 infections in the HCT
population. Testing the in vivo efficacy of potent HPIV3-
neutralizing antibodies at additional, later time-points in cot-
ton rats and non-human primates would provide further
insights into the therapeutic window. We also identified PI3-
A12, an mADb that binds a site of vulnerability to neutralization
outside of site @ on HPIV3 F. Antibodies binding this site
could also hold potential clinical utility. We have recently
described a method of engineering B cells using CRISPR/
Cas9 to express palivizumab and conferred protection against
RSV in naive animals by adoptive transfer of these cells.”* In
this revolutionary new age of cellular therapy and immu-
notherapy against cancer, it is conceivable that B cells could
be engineered to produce a variety of protective antibodies
against multiple pathogens and transferred along with the
stem cell product during transplant as part of treatment for
an underlying disease.

Materials and methods
Study design

The size of experimental groups is specified in figure legends.
Peripheral blood was obtained by venipuncture from healthy,
HIV-seronegative adult volunteers enrolled in the Seattle Area
Control study, which was approved by the Fred Hutchinson
Cancer Research Center institutional review board (protocol
5567). PBMCs were isolated from whole blood using Accuspin
System  Histopaque-1077  (Sigma-Aldrich,  cat#10771).
Institutional review board approval for studies involving
human tonsils was obtained from Seattle Children’s Hospital.
Studies involving human spleens were deemed non-human
subjects research since tissue was de-identified, otherwise
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discarded, and originated from deceased individuals. Tissue
fragments were passed through a basket screen, centrifuged at
300 x g for 7 minutes, incubated with ACK lysis buffer
(Thermo Fisher, cat#A1049201) for 3.5 minutes, resuspended
in RPMI (Gibco, cat#11875093), and passed through a stacked
500 um and 70 pm cell strainer. Cells were resuspended in 10%
dimethylsulfoxide in heat-inactivated fetal calf serum (Gibco,
cat#16000044) and cryopreserved in liquid nitrogen before use.

Cell lines

293 F cells (Thermo Fisher, cat#R79007) were cultured in
Freestyle 293 media (Thermo Fisher, cat#12338026). Vero
cells (ATCC CCL-81), LLC-MK?2 cells (ATCC CCL-7.1), and
HEp-2 (ATCC CCL-23) were cultured in DMEM (Gibco,
cat#12430054) supplemented with 10% fetal calf serum and
100 U/ml penicillin plus 100 pg/mL streptomycin (Gibco,
cat#15140122). 3T3 CD40L/IL-2/IL-21 feeder cells were cul-
tured in DMEM supplemented with 10% fetal calf serum,
penicillin and streptomycin, plus 0.4 mg/mL geneticin as
described.”” Irradiation was performed with 5,000 rads.

Viruses

Wild-type rHPIV3 was a recombinant version of strain JS
(GenBank accession number Z11575) and modified as pre-
viously described to express enhanced GFP.> Virus was cul-
tured on LLC-MK2 cells and subsequently purified by
centrifugation in a discontinuous 30%/60% sucrose gradient
with 0.05 M HEPES and 0.1 M MgSO, (Sigma-Aldrich,
cat#H4034 and 230391, respectively) at 120,000 x g for
90 min at 4°C. Virus titers were determined by infecting
Vero cell monolayers in 24-well plates with serial 10-fold dilu-
tions of virus, overlaying with DMEM containing 4% methyl-
cellulose  (Sigma-Aldrich, cat#M0387), and counting
fluorescent plaques using a Typhoon scanner at 5 days post-
infection (GE Life Sciences).

Expression and purification of antigens

Expression plasmids for His-tagged HPIV3 preF and postF
antigens are previously described.”®> HPIV3 preF contained
the following mutations including two disulfide linkages,
Q162C-L168C, 1213C-G230C, A463V, and 1474V.* 293 F
cells were transfected at a density of 10° cells/mL in Freestyle
293 media using 1 mg/mL PEI Max (Polysciences, cat#24765).
Transfected cells were cultured for 7 days with gentle shaking
at 37°C. Supernatant was collected by centrifuging cultures at
2,500 x g for 30 minutes followed by filtration through a 0.2 uM
filter. The clarified supernatant was incubated with Ni
Sepharose beads overnight at 4°C, followed by washing with
wash buffer containing 50 mM Tris, 300 mM NaCl, and 8 mM
imidazole. His-tagged protein was eluted with an elution buffer
containing 25 mM Tris, 150 mM NaCl, and 500 mM imidazole.
The purified protein was run over a 10/300 Superose 6 size-
exclusion column (GE Life Sciences, cat#17-5172-01).
Fractions containing the trimeric HPIV3 F proteins were
pooled and concentrated by centrifugation in an Amicon ultra-
filtration unit (Millipore, cat#UFC805024) with a 50 kDa

molecular weight cutoff. Two units of biotinylated thrombin
(Millipore, cat#69022) were mixed with each 1 mg of protein
overnight to cleave off tags, streptavidin agarose (Millipore,
cat#69022) was added for another hour to remove thrombin
and the cleaved tags, and the mixture was centrifuged through
a PVDF filter (Millipore, cat#UFC40GV25) to remove the
streptavidin agarose. The concentrated sample was stored in
50% glycerol at —20°C.

Tetramerization of antigens

Purified HPIV3 F was biotinylated using an EZ-link Sulfo-NHS
-LC-Biotinylation kit (Thermo Fisher, cat#A39257) using
a 1:1.3 molar ratio of biotin to F. Unconjugated biotin was
removed by centrifugation using a 50 kDa Amicon Ultra size
exclusion column (Millipore). To determine the average num-
ber of biotin molecules bound to each molecule of F, strepta-
vidin-PE (ProZyme, cat#PJRS25) was titrated into a fixed
amount of biotinylated F at increasing concentrations and
incubated at room temperature for 30 minutes. Samples were
run on an SDS-PAGE gel (Invitrogen, cat#NW04127BOX),
transferred to nitrocellulose, and incubated with streptavi-
din-Alexa Fluor 680 (Thermo Fisher, cat#S32358) at
a dilution of 1:10,000 to determine the point at which there
was excess biotin available for the streptavidin-Alexa Fluor 680
reagent to bind. Biotinylated F was mixed with streptavidin-
allophycocyanin (APC) at the ratio determined above to fully
saturate streptavidin and incubated for 30 min at room tem-
perature. Unconjugated F was removed by centrifugation using
a 300 K Nanosep centrifugal device (Pall Corporation,
cat#OD300C33). APC/DyLight755 tetramers were created by
mixing F with streptavidin-APC pre-conjugated with
DyLight755 (Thermo Fisher, cat#62279) following the manu-
facturer’s instructions. On average, APC/DyLight755 con-
tained 4-8 DyLight molecules per APC. The concentration of
each F tetramer was calculated by measuring the absorbance of
APC (650 nm, extinction coefficient = 0.7 uM™" cm™).

Tetramer enrichment

100-200 x 10° frozen PBMCs, 20-50 x 10° frozen tonsil cells,
or 40-80 x 10° frozen spleen cells were thawed into DMEM
with 10% fetal calf serum and 100 U/ml penicillin plus 100 pg/
ml streptomycin. Cells were centrifuged and resuspended
50 pL of ice-cold fluorescence-activated cell sorting (FACS)
buffer composed of phosphate-buffered saline (PBS) and 1%
newborn calf serum (Thermo Fisher, cat#26010074). PostF
APC/DyLight755 conjugated tetramers were added at a final
concentration of 25 nM in the presence of 2% rat and mouse
serum (Thermo Fisher) and incubated at room temperature for
10 min. PreF APC tetramers were then added at a final con-
centration of 5 nM and incubated on ice for 25 min, followed
by a 10 mL wash with ice-cold FACS buffer. Next, 50 pL of anti-
APC-conjugated microbeads (Miltenyi Biotec, cat#130-090-
855) were added and incubated on ice for 30 min, after which
3 mL of FACS buffer was added and the mixture was passed
over a magnetized LS column (Miltenyi Biotec, cat#130-042-
401). The column was washed once with 5 mL ice-cold FACS
buffer and then removed from the magnetic field and 5 mL ice-



cold FACS buffer was pushed through the unmagnetized col-
umn twice using a plunger to elute the bound cell fraction.

Flow cytometry

Cells were incubated in 50 uL of FACS buffer containing
a cocktail of antibodies for 30 minutes on ice prior to washing
and analysis on a FACS Aria (BD). Antibodies included anti-
IgM FITC (G20-127, BD), anti-CD19 BUV395 (SJ25C1, BD),
anti-CD3 BV711 (UCHT1, BD), anti-CD14 BV711 (MOP-9,
BD), anti-CD16 BV711 (3G8, BD), anti-CD20 BUV737 (2H7,
BD), anti-IgD BV605 (IA6-2, BD), and a fixable viability dye
(Tonbo Biosciences, cat#13-0870-T500). Absolute counts
within each specimen were calculated by adding a known
amount of AccuCheck Counting Beads (Thermo Fisher,
cat#PCB100). B cells were individually sorted into either 1)
empty 96-well PCR plates and immediately frozen, or 2) flat-
bottom 96-well plates containing feeder cells that had been
seeded at a density of 28,600 cells/well 1 day prior in 100 pL
of IMDM media (Gibco, cat#31980030) containing 10% fetal
calf serum, 100 U/ml penicillin plus 100 pg/ml streptomycin,
and 2.5 pg/mL amphotericin. B cells sorted onto feeder cells
were cultured at 37°C for 13 days.

ELISA

Nunc maxsorp 96-well plates (Thermo Fisher, cat#442404)
were coated with 100 ng of goat anti-human F,, (Jackson
ImmunoResearch, cat#109-005-097) for 90 minutes at 4°C.
Wells were washed three times with 1xDulbecco’s phosphate-
buffered saline (DPBS) and then blocked with1xDPBS contain-
ing 1% bovine serum albumin (Sigma-Aldrich, cat#A2153) for
1 hour at room temperature. Antigen coated plates were incu-
bated with culture supernatants for 90 minutes at 4°
C. A standard curve was generated with serial two-fold dilu-
tions of palivizumab. Wells were washed three times with
1xDPBS followed by a one-hour incubation with horseradish
peroxidase-conjugated goat anti-human total Ig at a dilution of
1:6000 (Invitrogen, cat#31412). Wells were then washed four
times with 1xDPBS followed by a 5-15 minute incubation with
TMB substrate (SeraCare, cat#5120-0053). Absorbance was
measured at 405 nm using a Softmax Pro plate reader
(Molecular Devices). The concentration of antibody in each
sample was determined by reference to the standard curve and
dilution factor.

Neutralization assays

For neutralization screening of culture supernatants, Vero cells
were seeded in 96-well flat bottom plates and cultured for
48 hours. After 13 days of culture, 40 pL of B cell culture
supernatant was mixed with 25 pL of sucrose-purified GFP-
HPIV3 diluted to 2,000 plaque forming units (pfu)/mL for
1 hour at 37°C. Vero cells were then incubated with 50 pL of
the supernatant/virus mixture for 1 hour at 37°C to allow viral
adsorption. Next, each well was overlaid with 100 uL DMEM
containing 4% methylcellulose. Fluorescent plaques were
counted at 5 days post-infection using a Typhoon imager.
Titers of HPIV3-specific mAbs were determined by a 60%
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plaque reduction neutralization test (PRNTgy). Vero cells
were seeded in 24-well plates and cultured for 48 hours.
MAbs were serially diluted 1:4 in 120 uL. DMEM and mixed
with 120 pL of sucrose-purified HPIV3 diluted to 2,000 pfu/mL
for 1 hour at 37°C. Vero cells were incubated with 100 pL of the
antibody/virus mixture for 1 hour at 37°C to allow viral
adsorption. Each well was then overlaid with 500 uL DMEM
containing 4% methylcellulose. Fluorescent plaques were
counted at 5 days post-infection using a Typhoon imager.
PRNTyg, titers were calculated by linear regression analysis.

B cell receptor sequencing and cloning

For individual B cells sorted and frozen into empty 96-well
PCR plates, reverse transcription (RT) was directly performed
after thawing plates using SuperScript IV (Thermo Fisher,
cat#18090200) as previously described.*>*® Briefly, 3 uL RT
reaction mix consisting of 3 puL of 50 uM random hexamers
(Thermo Fisher, cat#48190011), 0.8 pL of 25 mM deoxyribo-
nucleotide  triphosphates  (ANTPs;  Thermo  Fisher,
cat#N8080261), 1 uL (20 U) SuperScript IV RT, 0.5 uL (20 U)
RNaseOUT (Thermo Fisher, cat#10777019), 0.6 pL of 10%
Igepal (Sigma-Aldrich, cat#18896), and 15 pL RNase-free
water was added to each well containing a single sorted B cell
and incubated at 50°C for 1 hour. For individual B cells sorted
onto feeder cells, supernatant was removed after 13 days of
culture, plates were immediately frozen on dry ice, stored at
-80°C, thawed, and RNA was extracted using the RNeasy
Micro Kit (Qiagen, cat#74034). The entire eluate from the
RNA extraction was used instead of water in the RT reaction.
Following RT, 2 uL of cDNA was added to 19 pl PCR reaction
mix so that the final reaction contained 0.2 pL (0.5 U)
HotStarTaq Polymerase (Qiagen, cat#203607), 0.075 pL of
50 uM 3’ reverse primers, 0.115 puL of 50 pM 5’ forward
primers, 0.24 pL of 25 mM dNTPs, 1.9 uL of 10X buffer
(Qiagen), and 16.5 pL of water. The PCR program was 50
cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 55 s,
followed by 72°C for 10 min for heavy and kappa light chains.
The PCR program was 50 cycles of 94°C for 30 s, 60°C for 30 s,
and 72°C for 55 s, followed by 72°C for 10 min for lambda light
chains. After the first round of PCR, 2 pL of the PCR product
was added to 19 pL of the second-round PCR reaction so that
the final reaction contained 0.2 pL (0.5 U) HotStarTaq
Polymerase, 0.075 uL of 50 pM 3’ reverse primers, 0.075 pL
of 50 uM 5’ forward primers, 0.24 pL of 25 mM dNTPs, 1.9 uL
10X bufter, and 16.5 pL of water. PCR programs were the same
as the first round of PCR. 4 pL of the PCR product was run on
an agarose gel to confirm the presence of a ~500-bp heavy
chain band or 450-bp light chain band. 5 pL from the PCR
reactions showing the presence of heavy or light chain ampli-
cons was mixed with 2 pL of ExoSAP-IT (Thermo Fisher,
cat#78201) and incubated at 37°C for 15 min followed by 80°
C for 15 min to hydrolyze excess primers and nucleotides.
Hydrolyzed second-round PCR products were sequenced by
Genewiz with the respective reverse primer used in the second-
round PCR, and sequences were analyzed using IMGT/
V-Quest to identify V, D, and ] gene segments. Paired heavy
chain VD] and light chain V] sequences were cloned into
pTT3-derived expression vectors containing the human IgG1,
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IgK, or IgL constant regions using In-Fusion cloning
(Clontech, cat#638911) as previously described.””

Monoclonal antibody production

Secretory IgG was produced by co-transfecting 293 F cells at
a density of 10° cells/mL with the paired heavy and light chain
expression plasmids at a ratio of 1:1 in Freestyle 293 media
using 1 mg/mL PEI Max. Transfected cells were cultured for
7 days with gentle shaking at 37°C. Supernatant was collected
by centrifuging cultures at 2,500 x g for 15 minutes followed by
filtration through a 0.2 uM filter. Clarified supernatants were
then incubated with Protein A agarose (Thermo Scientific,
cat#22812) followed by washing with IgG binding buffer
(Thermo Scientific, cat#21007). Antibodies were eluted with
IgG Elution Buffer (Thermo Scientific, cat#21004) into
a neutralization buffer containing 1M Tris-base pH 9.0.
Purified antibody was concentrated and buffer exchanged
into 1xDPBS using an Amicon ultrafiltration unit with a 50
kDa molecular weight cutoff.

Bio-layer interferometry

BLI assays were performed on the Octet.Red instrument
(ForteBio) at room temperature with shaking at 500 rpm. Anti-
human IgG capture sensors (ForteBio, cat#18-5060) were
loaded in kinetics buffer (PBS with 0.01% bovine serum albu-
min, 0.02% Tween 20, and 0.005% NaNj;, pH 7.4) containing
40 pg/mL purified mAb for 150 s. After loading, the baseline
signal was recorded for 60 s in kinetics buffer. The sensors were
then immersed in kinetics buffer containing 1 uM purified
HPIV3 F for a 300 s association step followed by immersion
in kinetics buffer for an additional 300 s dissociation phase. For
apparent affinity (Kp) analyses, the dissociation step was
extended to 600 s. The maximum response was determined by
averaging the nanometer shift over the last 5 s of the association
step after subtracting the background signal from each analyte-
containing well using a negative control mAb at each time
point. Curve fitting was performed using a 1:1 binding model
and ForteBio data analysis software. For competitive binding
assays, penta-His capture sensors (ForteBio, cat#18-5120) were
loaded in kinetics buffer containing 1 pM His-tagged HPIV3
F for 300 s. After loading, the baseline signal was recorded for
30 s in kinetics buffer. The sensors were then immersed for 300
s in kinetics buffer containing 40 pug/mL of the first antibody
followed by immersion for another 300 s in kinetics buffer
containing 40 pg/mL of the second antibody. Percent competi-
tion was determined by dividing the maximum increase in
signal of the second antibody in the presence of the first anti-
body by the maximum signal of the second antibody alone.

Autoreactivity assay

HEp-2 cells were seeded into 96-well plates at a density of
50,000 cells/well 1 day prior to fixation with 50% acetone and
50% methanol for 10 minutes at —20°C. Cells were then per-
meabilized and blocked with 1xDPBS containing 1% Triton
X-100 (Sigma-Aldrich, cat#T8787) and 1% bovine serum albu-
min for 30 minutes at room temperature. 100 uL of each mAb

at 0.1 mg/mL was added for 30 minutes at room temperature.
The 2F5 positive control was obtained from the National
Institutes of Health AIDS Reagent Program. The G4 positive
control was isolated from an auto-reactive B cell obtained from
the spleen of a human donor. Wells were then washed four
times in 1xDPBS followed by incubation with goat anti-human
IgG Alexa Fluor 594 (Thermo Fisher, cat#A11014) at a dilution
of 1:200 in 1xDPBS for 30 minutes at room temperature in the
dark. After washing four times with 1x DPBS, images were
acquired using the EVOS Cell Imaging System (Thermo
Fisher).

Structural analysis

F.» preparation

PI3-E12, PI3-C9, and PI3-A12 F,, were produced by incubat-
ing each 10 mg of IgG with 10 pug of LysC (New England
Biolabs, cat#P8109S) overnight at 37°C followed by incubating
with protein A for 1 hour at room temperature. The mixture
was then centrifuged through a PVDF filter, concentrated in
PBS with a 30 kDa Amicon Ultra size exclusion column, and
purified further by SEC using Superdex 200 (GE Healthcare
Life Sciences, cat#17-5175-01) in 5 mM Hepes and 150 mM
NaClL

Crystallization, data collection, and refinement

Crystals of PI3-E12 F,;, were obtained using a NT8 dispensing
robot (Formulatrix), and screening was done using commer-
cially available screens (Rigaku Wizard Precipitant Synergy
block #2, Molecular Dimensions Proplex screen HT-96,
Hampton Research Crystal Screen HT) by mixing 0.1 uL/
0.1 pL (protein/reservoir) by the vapor diffusion method.
Crystals used for diffraction data were grown in the following
conditions in solution containing 0.2 M ammonium phosphate
monobasic, 0.1 M Tris, pH 8.5, and 50% (+/-) 2-methyl-
2,4-pentanediol. Crystals were cryoprotected in Parabar Oil
(Hampton, cat#HR2-643). Crystals diffracted to 2.1 A
(Supplemental Table 4). Data was collected on the Fred
Hutchinson Cancer Research Center X-ray home source and
processed using HKL2000.>® The structure was solved by mole-
cular replacement using Phaser in CCP4 (Collaborative
Computational Project, Number 4), and the F,, portion of
PDB accession number 6MFT was used as a search
model.*>*” Iterating rounds of structure building and refine-
ment were performed in COOT® and Phenix.®’ Structural
figures were made with Pymol®* and Chimera.*®

Negative stain electron microscopy
The complex of PI3-E12 F,, + HPIV3 preF was formed by
mixing both components at a 1:1 molar ratio and incubating
overnight at 4°C. Complexes were purified by SEC using
Superdex 200 in 5 mM Hepes and 150 mM NaCl at pH 7.4.
Negative staining was performed using Formvar/carbon grids
(Electron Microscopy Sciences) of 300 mesh size. 3 pL of
HPIV3-PI3-E12 F,, complex protein was negatively stained
at a concentration of 50 ug/mL on the grids using 1% uranyl
formate staining solution.

Data were collected using a FEI Tecnai T12 electron micro-
scope operating at 120 keV equipped with a Gatan Ultrascan



4000 CCD camera. The images were collected using an electron
dose of 45.05 ¢~ A~ and a magnification of 67,000x that
resulted in a pixel size of 1.6 A. The defocus range used was
-1.00 pm to —2.00 um. The data were collected using Leginon
interface.®* Image processing was carried out using cisTEM.®
The final reconstruction was performed using ~12,000
unbinned particles, refining for 20 iterations with C1 symmetry
applied. PI3-E12 F,, (as described here; PDB ID 6WRP),
HPIV3 (PDB ID 6MJZ)** and GCN4 (PDB ID 4DME)® fitting
was carried out using the Fit function in Chimera.*®

Animals and HPIV3 challenge

Cotton rat challenge experiments were performed by Sigmovir.
Animals in groups of N = 4-5 were infected intranasally with
100 pL of 10° pfu HPIV3. This sample size is consistent with
previously published experiments testing the efficacy of RSV
mADbs in the cotton rat model.’**”**%” MAb was either adminis-
tered intramuscularly 1 day prior to infection or 1 day after
infection. Cyclophosphamide (50 mg/kg) was administered intra-
muscularly at 21 days prior to infection and re-administered
every 3 days for the duration of experiments involving immuno-
suppression. Nasal turbinates were removed for viral titration by
plaque assay at day four post-infection. Lungs were removed for
viral titration by plaque assay at day four post-infection. Lung and
nose homogenates were clarified by centrifugation in EMEM
(Gibco, cat#670086). Confluent HEp-2 monolayers were inocu-
lated in duplicate with diluted homogenates in 24-well plates.
After incubating for 2 hours at 37°C, wells were overlaid with
0.75% methylcellulose. After 4 days, the cells were fixed and
stained with 0.1% crystal violet for 1 hour, and plaques were
counted to determine titers as pfu per gram of tissue.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.
Pairwise statistical comparisons were performed using
unpaired two-tailed t-test. P < .05 was considered statistically
significant. Data points from individual samples are displayed.
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F Fusion
gl germline
HCT Hematopoietic Stem Cell Transplant
HPIV3 Human Parainfluenza Virus Type IlI
mAb Monoclonal Antibody
nsEM Negative Stain Electron Microscopy
pfu Plaque-forming Unit
postF Postfusion
preF Prefusion
PRNT plaque reduction neutralization test
RSV Respiratory Syncytial Virus
RT Reverse Transcription
SEC Size Exclusion Chromatography
WBC White Blood Cell
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