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Interactions between innate antiviral factors at mucosal surfaces and HIV-1 virions contribute to the natural inefficiency of HIV-1
transmission and are a platform to inform the development of vaccine and nonvaccine strategies to block mucosal HIV-1
transmission. Tenascin-C (TNC) is a large, hexameric extracellular matrix glycoprotein identified in breast milk and genital fluids that
broadly neutralizes HIV-1 via interaction with the HIV-1 Envelope (Env) variable 3 (V3) loop. In this report, we characterize the
specific determinants of the interaction between TNC and the HIV-1 Env. We observed that TNC binding and neutralization of HIV-1
is dependent on the TNC fibrinogen-like globe (fbg) and fibronectin-type lll (fn) domains, oligomerization, and its newly-mapped
glycan structure. Moreover, we observed that TNC-mediated neutralization is also dependent on Env V3 residues 321/322 and 326/
327, which surround the IGDIR motif of the V3 loop, as well the N332 glycan, which is critical to the broadly neutralizing activity of
glycan-dependent V3-specific antibodies such as PGT128. Our results demonstrate a striking parallel between innate and adaptive
immune mechanisms of broad HIV neutralization and provide further insight into the host protein-virus interactions responsible for

the natural inefficiency of mucosal HIV-1 transmission.

Mucosal Immunology (2019) 12:1004-1012; https://doi.org/10.1038/s41385-019-0164-2

INTRODUCTION

With the challenge of developing a safe and highly effective HIV-1
vaccine, reduction of HIV transmission rates may rely on a
combination of vaccine and nonvaccine prevention methods. HIV-
1 is mucosally transmitted by sexual contact and via mother-to-
child transmission (MTCT). The probability of HIV-1 sexual
transmission, as assessed in a cohort of heterosexual,
antiretroviral-naive (ARV) HIV-1 discordant couples, was found to
be less than 1% per sexual act." Furthermore, in the absence of
ARV prophylaxis, <10% of breastfed infants contract infection from
their HIV-1 positive mothers despite daily, chronic exposure to
HIV-1 in breast milk for up to two years.2 This poor transmission
efficiency of HIV-1 suggests that antiviral factors in both genital
fluids and breast milk contribute to natural protection against
mucosal infection in the majority of HIV exposed individuals.
Characterization of these innate mucosal antiviral factors may
inform the development of safe and effective HIV prophylaxis and
immunization strategies to further reduce the likelihood of
mucosal transmission.

Breast milk, saliva, and other mucosal fluids from uninfected
individuals demonstrate inherent HIV-1 inhibitory activity, sug-
gesting the presence of innate antiviral factors.>™ Furthermore,
human breast milk has been shown to abrogate oral HIV-1
transmission in BLT (bone marrow, liver, thymus) humanized
mice.® We previously identified Tenascin-C (TNC) as an endogen-
ous broad-spectrum HIV-1 neutralizing protein present in breast
milk and genital fluids.”® Several other innate proteins in mucosal
fluids, including secretory leukocyte protease inhibitor (SLP1),3910
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lactoferrin, mucins,>' and salivary agglutinin (SAG)'®"'® have
also demonstrated HIV-1 inhibitory activity. Conversely, semen-
derived enhancer of virus infection (SEVI) has been identified as an
innate enhancer of HIV infection that promotes virion attachment
to target cells.® Importantly, despite the seemingly broad HIV-
neutralizing activity of identified natural antiviral inhibitors, the
molecular interactions of these proteins with HIV virions and
envelope proteins are largely ill-defined.

TNC is a large hexameric extracellular matrix glycoprotein with
established involvement in fetal neurodevelopment, wound
healing, and cancer.?’ Each monomer contains an assembly
domain, a region of epidermal growth factor-like repeats (EGF-L), a
region of fibronectin type lll-like domains (fn), and a fibrinogen-
like globe (fbg).?? TNC exists in a variety of isoforms due to both
alternative splicing and post-translational modifications.”> While
fn 1-8 are always present in human TNC, domains fn A-D can be
alternatively spliced, enabling up to 511 theoretical isoforms.>®
Human TNC contains up to 26 potential sites for N-glycosylation
and up to 34 potential sites for O-glycosylation, though this
number varies between isomers.** Experiments with glycoside
hydrolase enzymes have demonstrated that glycans contribute
significantly to the mass of TNC.** However, it has not been
previously determined how many of the possible TNC glycosyla-
tion sites are active. Moreover, the functional significance of TNC
glycosylations remains relatively undefined.”* TNC was isolated
from the HIV-neutralizing fraction of antibody-depleted breast
milk and found to mediate HIV-1 virion capture, block virus-
epithelial cell binding, and broadly neutralize HIV-1 by binding to
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the HIV-1 Env variable 3 (V3) loop in a charge-dependent manner,’
demonstrating a similar HIV Env-binding epitope to that of SAG
gp340.'® The function of many broadly neutralizing antibodies
isolated from HIV-infected humans are dependent on interaction
with HIV Env glycosylations,>>?’ including the canonical V3 loop-
directed bNab PGT128.2® Moreover, the repositioning of Env N-
linked glycosylation sites facilitates virus escape of neutralization
from some bnAbs.?® While glycosylation of antibodies is critical for
various antibody effector functions,>® the role of glycosylation of
innate antiviral factors in HIV inhibition has not been explored.

In this study, we sought to define the specific determinants of
the interaction between TNC and the HIV-1 Env V3 loop. We
identified critical amino acid and N-linked glycan residues in the
V3 loop that are required for TNC binding and neutralization of
HIV, as well as specific domains of TNC that contribute to Env
binding and HIV neutralization. Additionally, we identified specific
patterns of glycosylation on TNC and evaluated the role of glycans
on TNC-Env interactions. Mapping the precise nature of the
interaction between TNC and HIV Env will further our under-
standing of natural non-adaptive antiviral activity against HIV-1,
which can be harnessed in nonvaccine prevention strategies that
circumvent the difficult task of eliciting antibody-mediated broad
neutralizing activity by vaccination.

RESULTS

TNC HIV Env-binding domains

We first identified the HIV Env-binding domains of TNC by
screening a panel of monomeric TNC domains by ELISA for
binding to HIV-1 Env proteins. Notably, TNC domains fn 1-8, fn
A-D, fn 6-8, and fbg (Fig. 1a) all demonstrated weak binding
capacity to the HIV-1 clade B Tier 1A chronic virus MN.3 gp120 Env
(Fig. 1b) and to the MN.3 variable loop 3 (V3) gp70 scaffold protein
(MN.V3 gp70, Fig. 1c). We did not observe substantial differences
in the binding strength of truncated monomeric TNC constructs to
MN.3 gp120 Env. However, the fn 6-8 domain appeared to have a
lower binding potency against MN.V3 gp70 when compared to
the other TNC domains. To map oligomeric TNC-HIV Env
interactions, four recombinant oligomeric TNC proteins were
employed: one including all fn domains (TNC-L), one excluding the
fn A-D domains (TNC-S), and truncated versions of TNC-S with
exclusion of either fbg (TNC-SAfbg) or both fn and fbg (TNC-SAfn-
fbg, Fig. 1a). We observed that TNC-SAfbg and TNC-SAfn-fbg did
not exhibit binding to MN.3 gp120 (Fig. 1d) and demonstrated
reduced binding to the V3 scaffold protein (Fig. 1e), indicating a
role for both fbg and the fn domains in multivalent HIV-Env
binding. The mammalian cell-expressed TNC domain constructs
FNall and FNall+fbg (Fig. 1a) were also tested for binding against
MN.3 gp120 (Supplementary Fig. S1e) and MN.V3 gp70 (Supple-
mentary Figure S1f). While both constructs bound to MN.V3 gp70
at levels above the albumin control, we were only able to detect
weak binding for FNall against MN.3 gp120.

To further investigate the TNC domains responsible for HIV Env
interaction, binding of the oligomerized TNC proteins and
monomeric TNC domains to both MN.3 gp120 and MN.V3 gp70
were measured by surface plasmon resonance (SPR). Immobilized
TNC domains fbg, fn 1-8, fn A-D, and fn 6-8 all demonstrated
binding to MN.3 gp120 Env and MN.V3 gp70 (Supplementary
Fig. S1a, S1c). We also observed a reduction in the binding
response from both the TNC-SAfbg and TNC-SAfn-fbg proteins
relative to TNC-L and TNC-S when MN.3 gp120 was flowed over
immobilized TNC proteins (Supplementary Fig. S1b). TNC-S
demonstrated a higher magnitude of binding to MN.V3 gp70
than TNC-L by both ELISA and SPR, suggesting that the presence
or absence of the fnA-D may impact TNC conformation and in turn
impact the TNC-V3 binding affinity. In contrast to the ELISA assay,
we were unable to detect a difference in binding magnitude
between TNC-L and TNC-SAfbg via SPR, which may be the result of
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technical distinctions between these assays (Supplementary
Fig. s1d).

Variable glycosylation profiles of recombinant and purified human
TNC

We next sought to characterize the glycosylation profile of TNC
and to identify the contribution of TNC glycosylation to its HIV
neutralizing activity. The recombinant human TNC-L isoform used
in this study contains 23 theoretical N-linked glycosylation sites. Of
these, 18 sites are located in the fn domains and one site is in the
fbg domain (Supplementary Fig. S2). While it is known that human
TNC is heavily glycosylated, the relative occupancy of individual
TNC glycosylation sites has not previously been defined.>*

To this end, we mapped the glycosylation profiles for four TNC
proteins via a glycopeptide mass mapping approach, including
human TNC isolated from breast milk (NTNC-L Milk) or a glioma
cell line (hWTNC-L Glioma) and recombinant TNC-L produced in
either 293T HEK cells (rTNC-L 293T) or in 293T Lenti-X cells (rTNC-L
LX). We previously observed that rTNC-L 293T did not have
detectable neutralizing activity against the clade C tier 2 virus
DU.156, whereas rTNC-L LX had measurable neutralizing activity
similar to that of TNC purified from human milk.” This distinction
in neutralizing function suggested that post-translational mod-
ifications, such as glycosylation, may be critical to HIV-TNC
interactions.

Our analysis of the high mannose and processed glycans
(Fig. 2a) as well as sialylated residues (Fig. 2b) revealed
considerable diversity between TNC proteins, indicating that the
cell line of origin for each TNC protein has a substantial impact on
its glycosylation profile. Hierarchical clustering based on profiles of
high mannose glycans (Fig. 2c), processed glycans (Fig. 2d), and
sialylated residues with complete assay coverage (Fig. 2e)
demonstrated that the two human isolated TNC proteins clustered
together and had distinct glycosylation patterns from the two
recombinant TNC proteins. Notably, we did not observe features
in the glycosylation profile of rTNC-L 293T that distinguished this
protein from the other three neutralizing TNC proteins, indicating
that glycosylation of TNC proteins is not sufficient to explain the
lack of detectable neutralization activity of FTNC-L 293T.”

The median percentage of high mannose glycans was
significantly higher in the recombinant TNC proteins when
compared to the purified TNC proteins, yet the two recombinant
and two purified proteins did not have distinguishable high
mannose glycan content when compared to each other (Supple-
mentary Fig. S3a). Conversely, the purified TNC proteins exhibited
higher median percentages of sialylated (Supplementary Fig. S3b)
and processed (Supplementary Fig. S3c) residues when compared
to the recombinant proteins, yet the sialylation and processed
residues of two recombinant proteins and two purified proteins
did not differ significantly from each other.

Enzymatic deglycosylation of rTNC-L abrogates TNC-mediated HIV
neutralization

We next investigated whether bulk removal of the N-linked
glycosylations of TNC altered its virus neutralization potency. We
utilized PNGase F, a glycosidase that catalyzes cleavage between
the innermost N-Acetylglucosamine and asparagine residues,
resulting in the complete cleavage of N-linked glycosylations
from TNC.3' Additionally, we utilized 02-3.6,8,9 neuraminidase A, a
sialidase that cleaves terminal sialic acid residues from glycopro-
teins to investigate the specific contribution of sialylation to TNC-
mediated virus neutralization.> The efficiency of enzyme-
mediated cleavage of TNC and subsequent purification was
confirmed by western blot (Fig. 2f). In fact, both deglycosylation
and desialylation of TNC abrogated neutralization activity against
the clade C tier 2 HIV clinical isolate DU.156 (Fig. 29g), indicating
that the presence of N-linked glycosylations on TNC may be
necessary for its virus neutralization functionality, either for the
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Fig. 1 TNC fn and fbg domains contain HIV Env and variable loop 3 (V3) binding domains. a Schematic of TNC full length and truncated
recombinant proteins. TNC-L, TNC-S, TNC-Sffbg, TNC-SAfn-fbg, fnALL+fbg, and fnALL were expressed in mammalian cells. fn1-8. fn A-D, fn
6-8, and fbg were expressed in bacteria. TNC fbg, fn1-8, fn 6-8, and fn A-D are capable of binding both (b) gp120 and (c) conformational
V3 scaffold protein. TNC-S binding to both (d) gp120 and e) conformational V3 scaffold protein is abrogated by deletion of both fbg (TNC-
SAfbg) and fbg and the fn domains (TNC-SAfn-fbg). Either human or bovine albumin was used as a negative control binding protein in each

assay. Data is displayed as the median and range of assay replicates

structural integrity of TNC or for direct interaction. Specifically,
these findings suggest that the sialic acid residues on N-linked
glycosylations are necessary components for TNC virus
neutralization.

TNC-mediated HIV neutralization depends on oligomerization and
the fn and fbg domains

Based on our observation that deletion of TNC domains fbg and
fn-fbg disrupted binding to MN.3 gp120 and MN.3 gp70 V3, we
analyzed the neutralization capacity of these TNC constructs
against the MN.3 virus (Fig. 3a). While TNC-L exhibited neutraliza-
tion against MN.3, both TNC-SAfbg and TNC-SAfn-fbg failed to
demonstrate neutralization activity against this virus. Furthermore,
monomeric TNC domains fbg, fnALL, and fnALL + fbg all failed to
neutralize HIV MN.3 (Fig. 1a, Fig. 3a), indicating that the Env-
binding domains of TNC are incapable of MN.3 neutralization
when displaced from the context of the intact protein.

Next, we evaluated the neutralization potency of the same
panel of proteins against the clade C HIV DU.156 (Fig. 3b). As with
MN.3, we observed that monomeric TNC domains fbg, fnALL, and
fnALL+fbg failed to neutralize DU.156. While both TNC-SAfbg and
TNC-SAfn-fbg were able to weakly neutralize DU.156 (Fig. 3b), the
average ICso for both TNC variants was greater than 3-fold higher
than that of full length rTNC-L (TNC-SAfbg ICso = 148 ug/mL, TNC-
SAfn-fbg 1C50 =132 ug/mL, and rTNC-L IC5o = 37.6 ug/mL), sug-
gesting that the fbg and fn domains partially contribute to HIV-1
DU.156 neutralizing potency (Fig. 3c). To investigate whether the
difference in the neutralization potencies of TNC-SAfn-fbg and
TNC-SAfbg was clade specific, we evaluated the neutralization
potencies of these constructs on two additional clade B (SF162
and CHO58) and clade C (MW965 and 1086.C) viruses. Here, we
observed a similar pattern of neutralization in which TNC-SAfn-fbg
and TNC-SAfbg were completely unable to neutralize the selected
clade B viruses and capable of only partial neutralization against
clade C virus (Fig. 3c). This observation suggests that TNC domains
other than the fn and fbg domains may be capable of HIV
neutralization at a diminished potency in a clade-specific manner.

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

Mapping Env amino acid residue determinants of TNC binding to
the HIV-1 Env V3 loop

We previously identified that TNC binds to HIV-1 gp120 at a CD4-
inducible epitope, and that this binding interaction can be
blocked by the V3 loop-directed mAbs (19B and F393F) and by
the chemokine coreceptor binding site mAb 17b.” On the basis of
these findings, we next sought to identify specific amino acid
residues in the Env V3 loop that are required for TNC binding. To
this end, we utilized a panel of linear peptides of the V3 region of
the MN.3 virus to identify their differential binding capacity to TNC
proteins. We began by comparing the binding capacity of a 33
amino acid linear peptide corresponding to the V3 region of the
wild type MN.3 virus (residues 299-331) to a 15-mer peptide
consisting of residues 307 through 321 of the wild type
MN.3 sequence (Fig. 4f). Full length TNC-L bound to the full
length MN.V3 peptide, but did not demonstrate any binding to
the 15-mer peptide (Fig. 4a). Based on this observation, we
hypothesized that amino acids in the regions excluded from the
15-mer peptide are critical for binding. Therefore, we assessed
TNC binding to three mutant linear MN.V3 peptides with alanine
mutations introduced at positions K321A/N322A (MN.V3 321/322),
T326A/1327A (MN.V3 326/327), or K321A/N322A/T326A/1327A (MN.
V3 321/322/326/327) (Fig. 4f). Full length, oligomerized TNC-L
demonstrated greater binding to the MN.V3 wild type peptide
than to any of the alanine mutated peptides (Fig. 4a), indicating
that these amino acid changes are sufficient to partially disrupt
TNC binding to the linear MN.V3. Furthermore, both TNC-SAfbg
and TNC-SAfn-fbg demonstrated no interaction with the 15-mer
peptide, yet low binding to both the wild type and alanine-mutant
peptides (Fig. 4b, ¢, f). This finding is consistent with our
observation that the absence of these domains reduces binding
to both MN.3 gp120 and the conformational V3 scaffold protein.
Moreover, the TNC fbg and fn 1-8 domains were capable of
binding to the wild type MN.V3 peptide and also demonstrated a
pattern of diminished binding to the alanine-mutant peptides and
no binding interaction with the 15-mer (Fig. 4d, e, f). This V3
peptide mapping thus supports the hypothesis that the binding of

Mucosal Immunology (2019) 12:1004 - 1012



Determinants of Tenascin-C and HIV-1 envelope binding and neutralization
RJ Mangan et al.

1007

Percent
a c Gycosyation
=== High mannose D
=== Processed
rTNC-L 293T LX -
- 4+ Non-glycosylated 0 100 High mannose
g Jio o T hTNC-L Milk
» 80® 184 - 10347 .1 -
8 “ hTNC-L Glioma
g ITNC 283T LX
32 40 A rTNC-L 293T
20 B8IBTIRE2Ec825883
ek ENaRoIN
’ K2
d Processed
rTNC-L 293T
100 4 rTNC-L 293T LX
. J rTNC-L 293T
g 807 hTNC-L Glioma
€ o0 . T hTNC-L Milk
2 W O T O HNON == O NOD
® 40 "eeRES3-E3B3ESR
5] e2sdQeadd
0 s = e Sialylation
10 2162
hTNC-L glioma - hTNC-L Milk
100 4 16184 r 1093 12611301 11392 1485 1809 hTNC-L Glioma
o B {TNC 293T LX
g 87 rTNC-L 293T |
860— 1018} @ © « DO - O NN O
5 "83BIZZ-RE3388
2 40 sResrRERRdR
Residue
20
0 L » f S c
1019 2162 B 2
S "
hTNC-L Milk - £ 8
10341079 1366 5 ‘E
100 166 ™ 10184 ¢ 41119 11301 41392 1485 1809 o g.
* g 0 &
g %7 8§ & g 5
S o0 z =z s 8
g E B ? 8
* 407 O 0 © oo O
z2 z Zz z2z 2
2 EEE EEE
I-l ~
’ 3 £ 150 kDa 1581 Bt
EGFL Like Domain FN-Il Like Domain rTNC-L |
100 kDa = 100 kDa
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 50 kDa 1 20 kDa
Sequence position Enzyme 33 " 15 kDa
4 37 kDa i 10 kDa
DU.156 clade C
- == TNC-L 293T LX 100
00 e e s s == rTNC-L 293T —e— (TNC-L
=== hTNC-L glioma 80
< 80 - == hTNC-L Milk < - Deglycosylated
T 5 '.‘E 60 —&— Desialated
= W N
8 ]
<\2 40 E
® 2
20 z
0
EGFL Like Domain FN-IIl Like Domain
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 0 1 2 3

Sequence position

Log,o[concentration (pg/ml)]

Fig.2 Glycosylation profiles of TNC and contribution of glycosylation to HIV neutralization. a High mannose and processed glycan profiles for
TNC produced recombinantly in 293T HEK cells or Lenti-X 293T HEK cells, and TNC enriched from a glioma cell line or from human breast milk.
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confirmation of mobility shift and glycosidase purification of rTNC following PNGase or Sialase-mediated glycan cleavage. g DU.156
neutralization profile for rTNC-L, deglycosylated, and desialated TNC-L presented as the median and range of duplicate values

these domains to the V3 loop of HIV-1 Env is at least partially
dependent on the amino acids in positions 332 through 337.

Mapping the TNC neutralizing epitope on HIV Env V3

Finally, based on our observation that TNC binding to linear V3 is
diminished in alanine-mutant V3 peptides, we investigated the

Mucosal Immunology (2019) 12:1004-1012

functional significance of the observed residue-specific binding on
neutralization potency. To this end, we generated Env psudeo-
typed virions with mutations in the V3 region that corresponded
to the mutations that disrupted TNC-V3 peptide binding, including
mutations at 321/322 (MN.V3 K321A/N322A) and 326/327 (MN.V3
T326A/1327A). We also utilized an MN.3 pseudovirus with the
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glycan mutation 332 (MN.3 N332A) to investigate the role of this
adjacent viral glycan in the V3 loop, which is a common target of
HIV bnAb activity, in the neutralizing functionality of TNC.°

TNC-L had reduced neutralizing potency against HIV MN.3 with
alanine mutations at positions 332 (IC5o=112.53 pg/mL) and at
326/327 (IC5o = 157.6 ug/mL) when compared to the wild type
virus (ICso =31 pg/mL) (Fig. 5a). The ICso values for MN.3 T326A/
1327A and MN.3 N332A were more than three-fold higher for the
wild type virus indicating that these amino acid changes led to
partial resistance of the virus to TNC-mediated neutralization
(Fig. 5b). However, MN.3 K321A/N322A was not neutralized by
TNC-L, indicating the amino acid residues at this position are
required for the neutralization activity of TNC against HIV MN.3.
Interestingly, this mapped HIV Env neutralization epitope of TNC
closely matches the neutralization epitope of the human broadly
neutralizing antibody PGT128, which is dependent on the N332/
334 glycan as well as residue contact in the IDGIR motif from
323-327.%° PGT128 has a reported median neutralization titer of
0.01 pg/mL against a panel of clade B viruses and 0.04 pg/mL
against clade C viruses. This makes PGT128 substantially more
potent than TNC, for which we report neutralization titers ranging
from 20.9 to 54.7 ug/mL for clade B and C viruses in Fig. 3.*° The
neutralization determinant residues of TNC are highlighted on the
structure of the BG505 SOSIP (Fig. 5¢).*3

DISCUSSION

Defining the antiviral mechanisms of innate factors with HIV-
inhibiting activity such as TNC will inform vaccine and nonvaccine
strategies for the reduction of mucosal postnatal HIV-1 transmis-
sion. In this study, we mapped the N-linked glycosylation profile of

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

the HIV-neutralizing mucosal fluid protein TNC and identified the
terminal sialic acid residues of the N-linked glycosylations on TNC
to be key to its virus neutralizing activity. We also defined TNC-Env
interactions required for HIV neutralization by identifying the fbg
and fn domains as the critical binding and functional domains of
TNC and identifying Env V3 loop residues 321/322, 326/327, and
332 as critical for TNC-Env binding and neutralization. Remarkably,
the identified neutralization epitope of TNC closely matches the
previously defined neutralization epitope of the human V3 loop-
binding broadly neutralizing antibody PGT128.%°

Our analysis revealed that TNC fbg and fn domains are both
capable of HIV-1 gp120 V3 binding. Deletion of fbg and both the
fn and fbg domains dramatically reduces binding against both the
conformational MN.3 gp120 HIV Env and a linearized peptide of
the V3 region, suggesting similar mechanisms of TNC-HIV binding
between conformational and linear HIV proteins. Alternative
splicing and post-translational modifications of TNC gives rise to
a number of physiological TNC isoforms.?>?* We observed that fn
domains 1-8, which exist in all isoforms of TNC, are capable of
HIV-1 gp120 binding, suggesting that most human TNC isoforms
are capable of HIV-1 binding. While the fn A-D domains, which are
present in TNC-L, but not the TNC-S splice variant, bound to gp120
and MN.V3 gp70, TNC-L and TNC-S demonstrated similar binding
potencies to gp120, demonstrating the redundant contribution of
these domains to the Env binding interaction and to the total virus
binding capacity of TNC. However, our observation that TNC-S
binds to MN.V3 gp70 with greater affinity than TNC-L may indicate
that the fn A-D domain may impact TNC conformation and the
binding affinity of TNC to HIV.

Not surprisingly, glycan profiles differed substantially between
isolated TNC proteins purified from human cell lines or mucosal
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Fig. 4 Amino acid residue determinants of TNC binding to linear V3. Wild type, truncated, and alanine-mutant linear MN.V3 peptides were
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fluids (hTNC-L Milk and hTNC-L Glioma) and the two
recombinantly-produced TNC proteins (rTNC-L 293T and rTNC-L
293T LX) used in this study. Both purified TNC proteins were
characterized by greater amounts of sialylation and processed
glycans and lower amounts of high mannose glycans when
compared to the recombinant proteins, suggesting that the
recombinant TNC proteins used in this study may not completely
represent physiological TNC glycosylation. Yet, as rTNC-L 293T LX
neutralizes HIV-1 DU.156 at a similar potency to the purified TNC
proteins, the observed differences in glycosylation patterns
between the recombinant and purified TNC may have only a
minor impact on TNC antiviral functionality. It is interesting that
the glycosylation patterns of the non-neutralizing recombinantly-
produced TNC protein (FTNC-L 293T)” did not present clear glycan
differences from the three neutralizing proteins. Therefore, the
observed differences in neutralization potency are less likely to be
dependent on the global glycan profile and more likely the result
of glycan differences at specific residues, protein conformation, or
co-precipitating proteins resulting from the different production
cell lines>* We also observed that PNGase digestion of TNC
disrupted neutralization of HIV-1 DU.156, indicating that TNC
glycosylation may be necessary for TNC-mediated virus neutraliza-
tion. However, this data does not allow us to distinguish whether
TNC glycans interact directly with HIV Env to confer neutralizing
activity, or if TNC glycans are necessary for the structural
conformation of the protein that confers neutralizing function.
Notably, 18 of the 23 possible N-linked glycosylation sites on
rTNC-L are localized to the fn domains, which we identified as the
principal Env-binding region of TNC. In purified human TNC, we
found that the majority of these fn glycosylation sites were heavily
sialylated. Additionally, we previously identified that TNC binding
to HIV-1 Env is a highly charge-dependent interaction.” As sialic
acid is negatively charged and the chemokine coreceptor binding
site of Env contains a positively charged heparin-binding
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domain,*> we speculate that the interaction between charged
sialylated residues at one or two key sites in the fn domain of TNC
with positively charged regions of the chemokine coreceptor
binding site of Env is a likely mechanism of TNC-mediated virus
neutralization. This hypothesis is supported by the finding that
neuraminidase-mediated cleavage of TNC sialylations abolished
TNC-mediated neutralization activity. However, sialic acid is a
hydrophilic compound that may play a role in the structural
stabilization of the protein that is independent of direct sialic acid
residue virus binding.

Interestingly, while deletion of the TNC fbg or the fbg and fn
domains completely abrogated neutralization activity against the
clade B viruses MN.3, SF162, and CH058, TNC-SAfbg and TNC-
SAfn-fbg were each capable of weakly neutralizing the clade C
viruses DU.156, MW965, and 1086.C. This finding indicates that
TNC may interact distinctly with different HIV clades to mediate
virus neutralization. The possibility of multiple TNC-mediated
neutralization mechanisms supports our previous findings that
TNC is capable of broad, cross-clade neutralization for a variety of
HIV-1 strains.”® We also observed that monomeric TNC proteins
were incapable of virus neutralization, including the fnALL+fbg
monomer, which contains all of the observed Env-binding regions.
This finding suggests that TNC oligomerization may be an integral
determinant of virus neutralization and that polyvalency and
coordination between multiple arms of TNC may be necessary for
neutralizing HIV by interacting with multiple regions of the HIV
Env or by interacting with multiple Env proteins on the virion
surface (Fig. 6). These findings are summarized in Table S1.

We previously determined that TNC likely neutralizes HIV-1 by
binding to the Env chemokine coreceptor binding site, as
evidenced by sCD4 enhancement of TNC-L:Env binding and
blocking of TNC-L:EEnv binding by the chemokine coreceptor
binding site-directed mAb 17b.” Several amino acids in the V3
loop are predictive of coreceptor usage for both CCR5 and CXCR4-
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tropic viruses and characterize the coreceptor binding site on the
V3 loop.**7® Importantly, coreceptor usage among CCR5 and
CXCR4-tropic viruses can be predicted by the identity of the amino
acid residue at position 332.>’Our finding that the introduction of
alanine mutations at positions 321/322 of HIV-1 MN.3 abrogates
TNC-mediated neutralization and fn and fbg domain binding
supports that TNC neutralizes HIV-1 by blocking the chemokine
coreceptor binding site in a manner that is dependent on these
critical residues. Furthermore, we observed that alanine mutations
at 326/327 and 332 partially disrupted virus neutralization,
indicating that TNC may make additional points of contact with
these residues. Notably, the canonical V3 loop-directed broadly
neutralizing antibody PGT128 utilizes several of the same residues
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mapped as key to TNC-mediated neutralizing activity to broadly
neutralize HIV, suggesting a compelling parallel between innate
and adaptive immune mechanisms of broad HIV neutralization.

In conclusion, we mapped the determinants of interaction
between the innate glycoprotein TNC and the HIV Env, elucidating
the strategies of virus neutralization used by a natural non-adaptive
antiviral factor present in mucosal fluids including glycan interac-
tions and V3 loop determinants similar to that of V3 loop-directed
bnAbs. As vaccine elicitation of a protective antibody-mediated
neutralization response remains elusive, further studies exploring
innate antiviral factors such as TNC can inform novel strategies for
the prevention of HIV transmission and expand our understanding
of the natural non-adaptive antiviral strategies utilized by mucosal
fluids to yield inefficient mucosal HIV-1 transmission.

MATERIALS AND METHODS
More detailed descriptions of experimental methods provided
in Supplemental Methods.

Preparation of recombinant proteins

Recombinant TNC-L was produced by transfection of either
293T cells or 293T Lenti-X cells with the pEE14-HxB.L expression
vector using the jetPRIME transfection reagent (Polyplus Transfec-
tion) and purified by ammonium sulfate precipitation method.”°
TNC-SAfbg, TNC-SAfn-fbg, fnALL+fbg and fnALL were produced
by transfection of HEK293T cells with the pHLSec2 vector, which
has a histidine tag for purification. The rest of the recombinant
proteins, fn 1-8, fn A-D, fn 6-8 and fbg, were expressed in
Escherichia coli BL21 (DE3) with the pET15b expression vector
which also has a histidine tag. His-tagged proteins were purified
with a cobalt column using standard procedures.*® In the case of
fbg, the protein was insoluble and required renaturation. Total
purified protein was quantified by Bradford assay (Bio-Rad).

Detection of TNC protein binding to V3 peptides by ELISA

Enzyme-linked immunosorbent assays (ELISA) were performed as
previously described.® 384-well ELISA plates (Corning Life
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Sciences) were coated with TNC proteins (TNC-S, TNC-L, fn 1-8, fn
6-8, fn A-D, fbg, FNall, FNall+fbg) (Fig. 1a), human albumin, or
bovine serum albumin at 100 pg/ml in 0.1M NaHCO; and
incubated overnight at 4 °C. Blocking was performed using Super
Block (1X PBS, 4% whey protein, 15% goat serum, 0.5% Tween 20)
for 1 h at RT. HIV-1 Env peptides (including MN.3 gp120, MN.3
gp70 V3, and the linear peptides MN.V3, MN.V3 15-mer, MN.V3
321/322, MN.V3 326/327, and MN.V3 321/322/326/327) were
titrated using a two-fold serial dilution in Super Block starting at
500 pg/ml for the linear peptides, 1,280 pg/mL for MN.3 gp120,
and 1,000 pg/ml for MN.3 gp70 V3. An HIV-1 gp120 specific
monoclonal antibody (CH22 or 16H3) was used as a primary
antibody while detection was done using goat anti-human or anti-
mouse HRP labeled (1:5,000) as a secondary antibody. Signal was
then detected with SureBlue Reserve 3,3',5,5'-tetramethylbenzi-
dine (TMB) substrate (VWR) and absorbance recorded at 450 nm
using a Spectramax Plus spectrophotometer (Molecular Devices).

Surface plasmon resonance

Full length and truncated TNC proteins were immobilized by
amine coupling to Surface Plasmon Resonance (SPR) sensor chip
CM5 between 500 and 5500 response units (RU) as described
previously.”*" HIV-1 MN.3 gp120 Env protein was passed over the
chip at 50 pl/min and binding was measured with a BIAcore 4000
(GE Healthcare). Nonspecific binding was subtracted over a
surface immobilized with an anti-RSV IgG mAb (Synagis).

Glycosylation profile analysis

Mass spectrometry-based glycosylation profile analysis was
performed as described previously**** and is described in detail
in the Supplemental Methods.

Enzymatic deglycosylation of TNC proteins

Deglycosylation of TNC proteins was performed using Remove-iT
PNGaseF or chitin-binding domain (CBD)-a2-3,6,8,9 Neuramini-
dase A (New England Biolabs) as per manufacturer’s protocol.
Complete deglycosylation was confirmed by Western blot using
an anti-TNC monoclonal antibody (clone T2H5; Abcam). Purity of
deglycosylated TNC was confirmed by a reduced Coomassie
stained SDS-PAGE and Western blot with an anti-CBD mAb (New
England Biolabs).

Hierarchical clustering of TNC proteins based on glycosylation site
occupancy

Hierarchical clustering was performed using the R programming
language (Version 3.4.1, 2017; R Foundation for Statistical
Computation®) on the two recombinant and two human isolated
TNC proteins. The hclust function was used for clustering and
dendrogram visualization on a matrix of the percent of glycosyla-
tion site occupancy for each of the 23 potential TNC glycosylation
sites. Heatmaps were constructed in GraphPad Prism (GraphPad
Software).

Synthesis of MN V3 Peptides

The MN V3 complete V3 loop peptide (5'-TRPNYNKRKRIHIG
PGRAFYTTKNIIGTIRQAH-3’) and MNV3 15-mer peptide (5'-KRIHIG
PGRAFYTTK-3’) were obtained from the NIH AIDS Reagent
Program. Mutated MNV3 peptides were synthesized by CPC
Scientific, Inc, including the MNV3 321/322 Mutant (5'-TRPNYNK
RKRIHIGPGRAFYTTAAIIGTIRQAH-3’), the MNV3 326/327 Mutant
(5'-TRPNYNKRKRIHIGPGRAFYTTKNIIGAARQAH-3’), and the MNV3
Quad Mutant (5’-TRPNYNKRKRIHIGPGRAFYTTAAIIGAARQAH-3/).

Neutralization assay

Neutralization titers were measured by the reduction in Tat-
regulated Luc reporter gene expression in a TZM-bl (NIH AIDS
Reagent Program) reporter cell assay, as previously described.”
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Briefly, TNC proteins were prepared in serial 3-fold dilutions and
incubated with virus at approximately 50,000 relative lumines-
cence units (RLU) in 96-well flat-bottom culture plates for one
hour at 37°C. TZM-bl reporter cells, which express Firefly
Luciferase in response to infection through its control by the
HIV tat promoter, were added at 10* cells per well in a 100-pl
volume and incubated for 48 h at 37 °C. Following 48 h incubation
at 37 °C, samples were incubated in Bright-Glo luciferase reagent
(Promega) for 2 min at room temperature. The resulting cell lysate
was transferred into a 96-well black solid plate and RLUs were
determined using a Victor X3 Multilabel Plate Reader. The median
tissue culture infectious dose (TCID50) was calculated as the
protein concentration required to produce a 50% RLU reduction
when compared to a virus-only positive control and a cell-only
negative-control. Neutralization curves are displayed as the
median and range of quadruplicate values for rTNC-L vs. MN.3
WT and as the median and range of duplicate values for all other
curves.

Preparation of MN.3 V3 Mutant Viruses

Mutants of the MN.3 envelope gene were constructed using the
Quick Change Il Site-Directed Mutagenesis kit (Agilent Technolo-
gies) following manufacturer’s instructions. Briefly, PCR was
performed by Pfu DNA polymerase using B.MN.3 envelope gene
cloned in pcDNA3.1D/V5-His-TOPO vector as a template DNA and
corresponding primer pair was used to introduce mutation. PCR
was followed by the Dpnl enzyme treatment of the PCR mix at 37 °
C for 1h. This Dpnl-treated PCR mix was transformed into
STBL2 supercompetent cells. Twelve clones were picked for each
mutant and then checked by restriction digestion analysis.
Mutations were confirmed by sequencing, using an automated
DNA sequencer (ABI prism). Virus infectious titers were measured
using TZM-bl reporter cells. The resulting virus from the MN.V3
321/322/326/327 plasmid was found to be not infectious. Primer
sequences are as follows. MNV3 321/322/326/327 For: 5'-G
CATTTTATACAACAGCAGCTATAAAAGGAGCTGCAAGACAAGCACAT
TG-3; MNV3 321/322/326/327 Rev: 5- CAATGTGCTTGTCTTG
CAGCTCCTTTTATAGCTGCTGTTGTATAAAATGC-3'; MNV3 321/322
For: 5'-GCATTTTATACAACAGCAGCTATAAAAGGAACTATAAGAC-3/;
MNV3 321/322 Rev: 5-GTCTTATAGTTCCTTTTATAGCTGCTGTTGT
ATAAAATGC-3’; MNV3 326/327 For: 5'-CAAAAAATATAAAAGGA
GCTGCAAGACAAGCACATTG-3’; MNV3 326/327 Rev: 5-CAATGTG
CTTGTCTTGCAGCTCCTTTTATATTTTITG-3'.

Structure generation

TNC binding site structure figure was generated in the PyMol
Molecular Graphics System, Version 1.8, Schrédinger, LLC* usin

the structure model of ligand free BG505 SOSIP 664 (pdb 4zmj).

Statistical analysis

The nonparametric Kruskal-Wallis test was used to compare TNC
glycosylation profiles. Subsequent pairwise comparisons were
performed with the Dunn’s multiple comparisons test. All
statistical tests were performed with Graphpad (La Jolla, CA)
Prism version 6.
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