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ABSTRACT Herpes simplex virus 1 (HSV-1) and HSV-2 can evade serum antibody-
mediated neutralization through cell-to-cell transmission mechanisms, which repre-
sent one of the central steps in disease reactivation. To address the role of humoral
immunity in controlling HSV-1 and HSV-2 replication, we analyzed serum samples
from 44 HSV-1 and HSV-2 seropositive subjects by evaluating (i) their efficiency in
binding both the purified viral particles and recombinant gD and gB viral glycopro-
teins, (ii) their neutralizing activity, and (iii) their capacity to inhibit the cell-to-cell vi-
rus passage in vitro. All of the sera were capable of binding gD, gB, and whole viri-
ons, and all sera significantly neutralized cell-free virus. However, neither whole sera
nor purified serum IgG fraction was able to inhibit significantly cell-to-cell virus
spreading in in vitro post-virus-entry infectious assays. Conversely, when spiked with
an already described anti-gD human monoclonal neutralizing antibody capable of
inhibiting HSV-1 and -2 cell-to-cell transmission, each serum boosted both its neu-
tralizing and post-virus-entry inhibitory activity, with no interference exerted by se-
rum antibody subpopulations.

IMPORTANCE Despite its importance in the physiopathology of HSV-1 and -2 infec-
tions, the cell-to-cell spreading mechanism is still poorly understood. The data
shown here suggest that infection-elicited neutralizing antibodies capable of inhibit-
ing cell-to-cell virus spread can be underrepresented in most infected subjects.
These observations can be of great help in better understanding the role of humoral
immunity in controlling virus reactivation and in the perspective of developing novel
therapeutic strategies, studying novel correlates of protection, and designing effec-
tive vaccines.

KEYWORDS neutralizing activity, serum neutralizing antibodies, cell-to-cell virus
spread, herpes simplex virus, human monoclonal antibodies, humoral immunity

he importance of identifying a specific immunity directed against herpes simplex

viruses (HSV) is well known. The significance of T-cell immunity in controlling HSV
reactivation and shedding is also well described (1, 2). Less is known about the humoral
branch of adaptive immune responses due to multifaceted clinical manifestations
resulting from HSV-1 and -2 reactivations, which are often local and aviremic (3, 4). A
number of unsuccessful vaccine clinical trials were performed based on the use of
envelope virus glycoproteins to induce neutralizing humoral immunity despite the lack
of information on molecular mechanisms present in the protection conferred by
neutralizing serum antibodies targeting HSV (5-7). These trials demonstrated that
vaccine candidates were able to elicit neutralizing serum antibodies. However, no
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long-lasting significant reduction in virus shedding or inhibition of recurrences were
achieved (7). These observations contrast with the biological activity of certain mono-
clonal antibodies (MAbs) described as being able to reduce virus shedding when
administered in animal models (8). Unfortunately, there are no animal models which
properly mimic HSV reactivations or immunogens able to elicit in humans an antibody
response featuring the anti-HSV activity of the monoclonal antibodies described until
now (9). That is why the study of anti-HSV human humoral immunity should take into
account antibodies of human origin, which should then be used to better understand
and characterize natural responses to virus infection and the role of specific IgGs
directed against the most immunogenic virus structures. Several correlations between
the presence of specific antibodies tailoring HSV envelope glycoproteins and their
putative anti-HSV activity were previously described, supporting the importance of gD
in eliciting neutralizing antibodies (10). Moreover, glycoprotein B (gB) and gH/gL were
also described as inducers of neutralizing antibodies (11, 12). From these studies it was
evident that all those infected by HSV are able to produce such a neutralizing response,
but to date it has not been possible to consider the presence of these antibodies as an
effective correlate of protection from virus reactivation, a mechanism in which T-cell
immunity is much more involved. In particular, it has already been described how low
overall serum neutralizing antibody titers do not necessarily correlate with high virus
shedding (13), suggesting that the evaluation of the neutralizing activity alone is not
necessarily predictive of a definite virologic outcome. Great effort has been made to
understand the functions of HSV glycoproteins by means of deleted recombinant
viruses and their relative capability in inducing protective responses in animals, as well
as the functional characterization of gD, gB, and gH/gL regions through the use of
monoclonal antibodies which have been identified to date (14-17). Moreover, it has
also been demonstrated how sera depleted by their anti-gD and -gB antibody fractions
decreased their neutralizing capability (10).

Among the neutralizing monoclonal antibodies (MAbs) described so far, few are of
human origin, and only one, IgG#33, previously characterized for its in vivo anti-HSV
activity, is endowed with the capability of inhibiting in vitro virus infection of both
HSV-1 and -2 after proper virus entry into target cells (18, 19). The focus of our attention
is not on the fine dissection of antibody subpopulations from a quantitative point of
view; instead, we give priority to the study of the biological effect of antibodies present
within the sera. We therefore dissected the humoral response of 44 sera collected from
HSV-1- or HSV-2-positive subjects by comparing their serum anti-HSV activity in terms
of binding to recombinant gD, gB, and whole purified virions, neutralizing activity
against both HSV types, and their capacity to inhibit, alone or in combination with the
anti-gD MADb, the virus cell-to-cell transmission when added after virus entry.

RESULTS

Human serum preliminary stratification. Eighty-seven sera were collected from
patients who were positive in routine serological testing for the presence of anti-HSV-
1/2 19G. As this testing procedure is unable to discriminate between HSV-1 and HSV-2
antibodies, sera were further tested for their ability to bind HSV-1 HF and/or -2 MS
purified virions coated on an enzyme-linked immunosorbent assay (ELISA) plate. A
heatmap was generated according to pattern reactivity measured for all sera against
the whole type 1 and 2 viruses (Fig. 1). An optical density at 450 nm (OD,s,) of 0.5 was
set as the exclusion cutoff for discriminating strong serum reactivity against HSV-1
and/or HSV-2, and results showed that there are differences related to HSV-1 and -2
binding. In detail, there were sera able to bind efficiently to only one virus type, sera
able to bind efficiently to both viruses but with different strengths, and a few sera that
fell below our threshold, being a narrower exclusion cutoff than those of routine
screening tests. On the basis of the binding patterns evaluated for all sera, they were
further clustered into six categories, as depicted by different colors shown in Fig. 1.
Since these binding categories are randomly represented among the 87 serum samples,
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FIG 1 Binding analysis of 87 human sera to HSV-1 and -2. A threshold OD,, of 0.5 was set to stratify binding activity of 87 human sera against HSV-1 HF and
HSV-2 MS purified virions coated on an ELISA plate. In detail, a panel of 5 sera (A to E) from healthy uninfected subjects was tested for HSV-1 and -2 binding
activity. The cutoff corresponding to an OD,;, of 0.5 was set at 2.5 times the higher OD signal registered for the negatives in order to minimize the binding
contribution of possible antibody cross-reactivity. Serum E represents the nonneutralizing (non-NT) control for the experiments. Blue boxes indicate positive
sera, and white boxes indicate negative ones. Moreover, sera were stratified into six categories: sera able to bind only HSV-1 (light red) or only HSV-2 (light
green), sera that bind both viruses equally (gray), sera that preferentially bind HSV-1 over HSV-2 (red) and vice versa (green), and negative sera (black). Positive

and negative control sera were added as well.

only 44 sera representing all of the binding groups were selected for further evaluation,
being a sufficient size for statistical correlations.

Binding analysis against HSV whole virions and recombinant glycoproteins.
Selected sera were further characterized for their binding capability against both HSV-1
and -2 purified virions and soluble gB and gD of HSV-1 strain HF (gD1 and gB1) at a
1:200 dilution. Such a low dilution was used to better represent the physiological
antibody concentration with respect to experimental limits; negative serum controls
are included as well for monitoring possible nonspecific contributions resulting from
this high concentration. Binding to soluble protein stocks was validated with the use of
specific monoclonal antibodies (Fig. 2). A binding difference (P < 0.0001) was observed
for the sera against the two virus types (median OD,s,, 0.765 for HSV-1 and 0.583 for
HSV-2) (Fig. 3A and Table 1). On the other hand, all sera showed high reactivity when
tested against recombinant soluble virus glycoproteins (OD,5,, 2.489 for gD1 and 2.639
for gB1) (Fig. 3B and Table 1). Moreover, gD1 seemed to be recognized more than gB1
(P < 0.001).

On the basis of these binding experiments, no correlation was observed between
the different categories in which sera have been previously clustered and their ability
to recognize the two glycoproteins. As an example, the outlier sample of both HSV-1
and -2 binding data sets was serum 39 (Fig. 3A): its binding to HSV-1 had an OD,s, of
2.40 and to HSV-2 had an OD,, of 2.677. However, when tested against the two soluble
glycoproteins, results only slightly deviated from the medians for the two groups (gD1,
OD,5, of 2.496; gB1, OD,,;, of 2.563). Another example was represented by serum 11,

OD 450nm

HSV-1 gD Il HSV-1gB [J HCVE2 E=1 BSA

FIG 2 Soluble protein purification. His-tagged soluble forms of HSV-1 glycoprotein D (gD1) and B (gB1)
were affinity purified. Soluble HCV envelope protein E2 (HCV E2) was purified as a control. Protein stocks
were validated using human monoclonal antibodies specific for the glycoproteins and a primary
antibody specific for His-tagged proteins. Means * standard deviations (SD) are reported.
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FIG 3 Characterization of binding to purified virions and soluble glycoproteins. Graphs show the results
from binding analysis of 44 sera to HSV-1 (A) and -2 virions (@) (A) and soluble glycoprotein D (H) and
B (®) of HSV-1 (B). Sera were used at a 1:200 dilution. The median optical density (OD,s,), with
interquartile range, is reported for each binding analysis (***, P < 0.001; ****, P < 0.0001). Each data point
is represented by its stratification color: sera able to bind only HSV-1 (light red) or only HSV-2 (light
green), sera that bind both viruses equally (gray), sera that preferentially bind HSV-1 over HSV-2 (red) and
vice versa (green), and negative sera (black).

which bound the HSV-2 purified virions above the median (OD,5, of 1.452) and well
recognizes HSV-1 (OD,5, of 0.782). In this case, as expected, serum 11 also recognized
well the two glycoproteins (gD1, OD 45, of 2.557; gB1, OD,,5, of 2.637). Finally, a different
behavior was also observed for serum 17, strongly recognizing only HSV-2 purified virus

TABLE 1 Sera binding to purified virions and soluble glycoproteins and their activity against HSV-1 and -2 infections?

Journal of Virology

Subject # Categories HSV-1 binding HSV-2binding D1 binding gB1 binding NT HSV-1 NT HSV-2 PEIHSV-1 PEI HSV-2
(OD 450 nm) (OD 450 nm) (OD 450 nm) (OD 450 nm) (% infection inhib.) (% infection inhib.) (% infection inhib.) (% infection inhib.)
1:200 1:400 1:200 1:400 1:200 1:200
1 Only HSV-1 1.0811 0.4963 25227 27427 98.85 87.15 68.81 16.36 4021 6.67
2 Only HSV-1 0.5982 03476 27024 28161 93.37 91.54 537 213 4529 -12.38
3 | HSV-1>HSV-2 | 0.9329 0.5106 24615 2.6860 64.95 29.01 1751 20.65 38.12 14.29
4 HSV-1=HSV-2 1.0103 13285 2.6439 27942 96.08 41.23 81.40 50.53 27.95 18.10
5 Only HSV-1 0.7679 03878 1.9716 2.5866 9833 5225 38.77 34.02 29.75 1143
6 | HSV-1>HSV-2 | 1.4123 09598 20770 27092 66.72 3329 49.43 42.95 4141 18.10
7 HSV-1=HSV-2 0.8593 06311 2.6641 28117 98.12 86.05 76.75 82.34 35.13 476
8 0.4554 03347 1.6963 27161 31.25 172 44.63 52.20 2227 2.86
9 Only HSV-1 0.6406 04867 24426 25408 90.07 69.81 57.95 48.91 27.35 14.29
10 HSV-1=HSV-2 1.5813 13411 23253 2.8266 98.85 98.69 97.96 97.65 3991 50.48
11 | HSV-1<HSV-2 | 0.7821 1.4522 25573 2.6374 48.65 41.91 4191 56.80 4081 1333
12 Only HSV-1 0.6699 03835 24825 2.6803 91.90 78.79 15.53 2336 38.42 1333
13 0.2369 03503 1.0389 25927 31.04 14.59 44.00 30.05 4559 9.52
14 HSV-1=HSV-2 1.3984 1.1773 27944 2.6406 92.74 7174 32.19 36.01 5426 3.81
15 HSV-1=HSV-2 0.7605 0.6390 28117 27943 87.98 49.28 61.19 2221 52.17 476
16 0.7020 03648 2.6492 2.7660 68.87 20.02 6223 52.93 4230 476
17 Only HSV-2 04196 12160 1.0710 24442 53.92 20.54 61.86 55.70 3333 476
18 HSV-1=HSV-2 0.6541 05207 27612 27396 97.70 79.94 89.60 77.95 3453 7.62
19 HSV-1=HSV-2 0.6544 05734 28623 27419 49.01 30.00 59.36 5335 38.12 1143
20 02714 0.2091 0.7746 2.6633 41.02 18.66 -1.08 37.42 42,60 27.62
21 HSV-1=HSV-2 0.7578 07784 25942 26418 74.04 25.87 52.57 23.42 33.03 476
22 0.2978 0.2273 0.8908 1.1262 16.94 17.67 18.19 49.90 28.85 -1.90
23 Only HSV-1 0.7389 0.4891 2.0161 2.6784 98.82 97.23 96.47 90.97 4320 -4.76
24 0.1577 0.2497 0.2431 0.7650 1523 10.49 38.87 54.53 374 22.86
25 HSV-1=HSV-2 0.7227 1.0229 24190 24511 7330 56.46 78.71 62.42 36.62 3429
26 -1 =HSV-2 0.7354 0.5431 26418 24132 94.92 42.82 50.46 57.09 46.19 28.57
27 HSV-1=HSV-2 0.8577 05928 24117 25335 99.83 95.42 79.30 7535 52.17 18.10
28 Only HSV-1 0.7612 04304 25893 26611 98.95 97.94 8111 80.85 48.88 2381
29 0.3942 0.2386 1.6095 2.5266 61.00 53.69 56.59 78.92 42.00 2.86
30 HSV-1=HSV-2 0.9547 0.6522 25942 1.9696 60.91 12.00 67.13 69.43 46.19 3.81
31 HSV-1=HSV-2 1.0014 0.7069 27940 26744 99.29 85.05 80.43 7821 46.49 -14.29
32 [ HSV-1>HSV2 | 18707 15037 26813 24336 99.29 93.58 94.37 80.64 27.06 21.90
33 HSV-1=HSV-2 1.0271 0.7445 22980 25366 99.29 90.18 74.39 60.49 26.16 3143
34 HSV-1=HSV-2 1.1440 0.8024 27861 26811 99.75 91.90 87.74 68.51 3333 22.86
35 HSV-1=HSV-2 07138 05572 25104 23536 99.29 86.48 94.84 85.93 3453 3524
36 0.4677 03168 1.4086 22183 2497 5.17 61.08 61.20 6.43 32.38
37 Only HSV-1 0.6988 03578 22839 26500 97.69 53.98 60.70 53.06 4021 3429
38 _ 1.2340 0.7312 24548 2.1918 94.67 59.36 70.99 65.82 55.16 2381
39 HSV-1=HSV-2 24034 26765 24958 25634 99.33 99.66 97.65 99.83 3423 37.14
40 HSV-1=HSV-2 0.9081 05671 20205 22699 7191 40.80 60.79 62.34 37.52 7.62
41 HSV-1=HSV-2 1.0289 0.6811 24730 26295 92.48 84.93 47.14 57.72 29.45 28.57
42 | HSV-1>HSV-2 | 1.7564 13438 2.6413 25332 99.41 93.58 89.21 66.33 96.41 18.10
43 HSV-1=HSV-2 1.9735 1.7079 26291 26622 98.70 97.48 84.17 62.93 44.99 29.52
44 HSV-1=HSV-2 1.1687 09873 25745 27517 96.98 89.88 67.42 64.61 50.07 22.86
NT serum HSV-1=HSV-2 09127 06356 2.6448 25629 83.13 37.94 2330 68.60 4.06 23.61
_Non-NT serum _ [[NSX S 0.0907 0.0931 0.0740 0.0958 592 -15.66 0.00 55.13 -2.58 -5.56

9Results of neutralization (NT) experiments and postentry inhibition (PEl) assays are reported. Sera were tested at 1:200 and 1:400 dilutions.
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FIG 4 Evaluation of serum activity against HSV-1 and -2 infections. (A) Neutralizing (NT) activity of 44 sera
was assessed on Vero E6 cells, and results show that HSV-1 (A) was more efficiently blocked than HSV-2
(@). (B) When tested in PEI assay on the same cells, no samples (except one) impaired virus replication
efficiently, although higher activity again was observed against HSV-1 (A) than HSV-2 (@). Sera were used
at 1:200 dilution. Median values with interquartile ranges are reported for each experiment (****,
P < 0.0001). Each data point is represented by its stratification color: sera able to bind only HSV-1 (light
red) or only HSV-2 (light green), sera that bind both viruses equally (gray), sera that preferentially HSV-1
over HSV-2 (red) or vice versa (green), and negative sera (black).

(OD 5, of 1.216 versus 0.420 for HSV-1). It showed higher binding capability against gB1
than gD1 (OD,s, of 2.444 for gB1 versus 1.071 for gD1), despite its higher binding
capability against HSV type 2 whole virions, suggesting the contribution of cross-
binding serum antibodies better recognizing the more conserved gB of HSV-1 HF and
HSV-2 MS than the gD.

Therefore, as expected due to the high immunogenicity of both gB and gD, almost
all sera recognized the major envelope glycoproteins when expressed and purified as
recombinant soluble proteins. Conversely, the lower binding activity observed against
whole viruses suggested an important contribution of IgG targets on the whole virus
differing from the most immunogenic glycoproteins tested in these experiments.

NT of cell-free virus and postentry inhibition assays of serum samples. After the
characterization of the binding ability of 44 selected sera, their ability to interfere with
the replication of both virus types was tested. The median values (92.61% for HSV-1 and
61.13% for HSV-2) obtained with the neutralization (NT) assay indicated that the
majority of samples contained antibodies able to block cell-free virus infection. Despite
the wide variability observed, sera more efficiently neutralized HSV-1 HF than HSV-2 MS
(P < 0.0001) (Fig. 4A and Table 1).

Subsequently, postentry inhibition (PEI) assay was performed to evaluate the ability
of sera to impair virus replication even after its entry into the target cells. Briefly, Vero
cell monolayers were infected, and after washing cell-free virus particles, a layer of
semisolid culture medium containing different dilutions of the sera was added. This
method allowed us to appreciate virus spreading into adjacent cells via the cell-to-cell
mechanism of infection (18, 20). Unexpectedly, and in contrast to the behavior of the
same sera tested at the same dilutions for their neutralization capability, almost all sera
failed to show consistent inhibition of the cell-to-cell transmission mechanism (Fig. 4B
and Table 1). In detail, the majority of sera better constrained the HSV-1 cell-to-cell virus
passage than HSV-2 (P < 0.0001). However, median values of inhibition obtained for
HSV-1 and -2 were only 37.26% and 15.18%, respectively. Two outliers were identified:
serum 42 was endowed with PEI activity against HSV-1 (96.41%) but not against HSV-2
(18.1%), and serum 10, which was the only serum inhibiting the HSV-2 tested isolate by
50.48% and showed partial inhibitory activity against HSV-1 (39.91%). PEl experiments
highlighted how only a few tested sera were able to block HSV cell-to-cell spreading in
vitro. However, as for the neutralizing activity, the postentry inhibition, when present at
all, was preeminently type specific.
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NT serum 375.5 292.7
NT purified 1IgGs 53.8 58.4
Non-NT serum 19.4 12.6
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FIG 5 Evaluation of purified IgG activity against HSV-1 and -2 infections. PEl assay was performed on Vero
E6 cells using lower dilutions of the neutralizing (NT) serum (1:100) control and purified total 1gGs
obtained from the same serum sample (100 ng/ml). Nonneutralizing (non-NT) serum and its purified total
1gG fraction were used as a negative control. Mean values * SD are reported for each experimental
condition (***, P < 0.001; ****, P < 0.0001). Titration results for anti-gD and anti-gB present in NT and
non-NT sera and their corresponding purified IgG fractions are indicated under the graph. Median values
are reported.

PEI activity of purified serum antibodies. In order to push antibody concentration
in PEl experiments over the physiological concentration of the total IgG fraction, serum
IgGs were purified from a single positive neutralizing serum control as a proof of
concept. Specifically, PEl assay was performed using both higher dilution of sera (1:100)
and 100 png/ml of purified IgGs, corresponding approximately to a 10-fold higher
concentration than that of total IgGs in blood (21, 22) (Fig. 5). Results showed that even
purified total IgGs at 100 wg/ml were only able to poorly inhibit postentry virus
replication. Conversely, neutralizing serum lost its inhibitory activity against HSV-2
infection when only purified IgGs were used (P < 0.001). This behavior is probably
related to other serum antibodies (including anti-gH/gL) not accounted for in this
analysis and poor content of IgGs specific for HSV being able to recognize glycoproteins
and epitopes crucial for the cell-to-cell mechanism of transmission still present.

Anti-gD and anti-gB IgG quantification. In order to evaluate the amount of serum
IgG specific for gD or gB in all tested sera, both anti-gD and anti-gB antibodies were
quantified (Fig. 6). Results indicate great variability among sera. Anti-gD antibody titers
spanned across 3 logs (0.069 ug/ml to 3,765 ng/ml). The anti-gB humoral response was
more homogenous, ranging from 0.056 wg/ml to 24 pug/ml. Only two outliers were
identified for their anti-gD titer: sera 10 (3.8 mg/ml) and 39 (1 mg/ml). This assay
allowed for an estimation of the amount of anti-gD and-gB antibodies used in the PEI
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FIG 6 Titration of specific serum IgGs. (A) IgG titers specific for gB (@) and gD (A) were obtained for 44 serum
samples. Neutralizing (NT) and nonneutralizing (non-NT) serum controls are included as well. Median values are
reported. Anti-gB (B) and anti-gD (C) antibodies were quantified in ELISA by performing titration curves on purified
soluble glycoproteins (gB1 and gD1) in order to evaluate the amount of serum IgG specific for these glycoproteins
in the 44 selected sera. Control sera (NT serum and non-NT serum) are included as well. Means are reported; SD
are omitted for clarity.

experiment performed with a serum concentration of 1:200, 1.88 and 1.46 ug/ml for
anti-gD and-gB, respectively, indicating overall low antibody titers specific to these
proteins in naturally infected patients.

From binding to biological function: a correlation analysis. In light of the hetero-
geneous binding activity on the viral gD and the extremely variable anti-gD serum titer,
possible correlations between binding activity and biological behavior of sera were
inferred (Fig. 7). As expected, neutralizing activity was strongly related to whole virus
binding (p = 0.643 and adjusted P value [P,] of <0.001 for HSV-1; p = 0.533 and P,; <
0.001 for HSV-2), independent of the virus type. When considering recombinant
glycoproteins, the ability of sera to recognize gD1 correlated with binding to the whole
virus particle (p = 0.449, P,y < 0.01), NT (p = 0450, P,; < 0.01), and, at the limit of
statistical significance, PEI (p = 0.313, P <0.05, P,y; = 0.053). On the contrary, no
significant correlation was observed between binding to gB1 and the ability of sera to
block virus infection for both NT and PEI, although recognition of these two proteins
has a similar trend but different binding capability (p = 0.464, P,; < 0.01). As depicted
by boxes outlined with dots in Fig. 7, overall biological activities measured for the two
virus types correlated more with the binding to gD1 than gB1.

The concentration of anti-gD antibodies and of those against gB might vary by
orders of magnitude within the same patient, but together they fluctuated between
serum samples (p = 0.749, P, < 0.001). It is important to underline that correlation
observed with titers does not necessarily reflect on the correlations observed for the
binding activity due to their possible contribution in the binding of less represented
high-affinity binders. High titers of anti-gD correlated with binding to HSV-1 (p = 0.642,
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FIG 7 Graph of correlation matrix in R. Matrix heatmap plot corresponding to p correlation values
between categories corresponding to parameters analyzed for the sera: binding to gD and gB, neutral-
izing activity, anti-gD and gB antibody titers, and postentry inhibition of the infection. Color scale
indicates correlation values, with positive correlations assigned to red colors. X indicates P, value of
<0.05. %, P,q; = 0.053. NT, neutralization assay. Roman numbers indicate 1:200 (I) and 1:400 (I) serum
dilutions. Dotted boxes highlight how overall biological activities correlate with the binding to gD but
not to gB.

P,gj < 0.001) and HSV-2 whole virions (p = 0.549, P,y < 0.001), NT (p = 0.851, P,g; <
0.001 for HSV-1; p = 0.578, P, ; < 0.001 for HSV-2), and HSV-2 PEI (p = 0.369, P,; < 0.05
against HSV-2; p = 0.217, P,y = 0.18 against HSV-1). On the contrary, titer of anti-gB
antibodies strongly correlated only with the NT (p = 0.769, P,; < 0.001 for HSV-1; p =
0.571, P,g; < 0.001 for HSV-2) and only weakly with HSV-2 PEIl (p = 0.321, P,y < 0.05)
according to gD and gB titers fluctuating together.

Serum interference. In order to assess if naturally elicited humoral response can
impair activity of an already characterized neutralizing human monoclonal antibody
able to strongly inhibit cell-to-cell transmission mechanisms and conferring systemic
protection in vivo (18), competition analyses were performed. First, fluorescence-
activated cell sorting (FACS) competition experiments evaluating the capability of
serum IgGs to displace IgG#33 binding to gD1 transfected cells were carried out by
combining a neutralizing and a nonneutralizing serum with the MAb (Fig. 8A and B). As
a result, no decrease of IgG#33 binding was observed in the tested serum dilutions
spanning from 1:100 to 1:800 for both neutralizing and nonneutralizing serum. Func-
tional assays were then performed using the two sera supplemented with IgG#33.
Accordingly, with FACS analysis, neither neutralizing nor nonneutralizing anti-gD serum
antibodies hampered IgG#33 neutralizing and postentry inhibitory activity against both
HSV-1 and -2. In detail, neutralizing serum retained its neutralizing activity against
HSV-1 even at a very low dilution (1:100), while the MAb enhanced serum activity
against HSV-2 at the same concentrations (P < 0.001) (Fig. 8C). On the other hand, a
significant boost (P < 0.0001 and P < 0.05 against HSV-1 and -2, respectively) in the
neutralizing activity was observed for the NT serum-MAb combination compared to
that of the monoclonal alone, suggesting additive effect and excluding possible
neutralization interference. Nonneutralizing serum acquired neutralizing capacity
against both HSV-1 (P < 0.0001) and -2 (P < 0.0001) compared to serum alone. Inter-
estingly, when supplemented with 1gG#33, the two sera showed the same character-
istics against HSV-2 infection.

Even more importantly, PEI experiments revealed that both neutralizing and non-
neutralizing sera, unable to inhibit the virus replication when added after virus infection
per se, acquired this feature when spiked with the monoclonal human IgG#33
(P < 0.0001) (Fig. 8D). Actually, PEI activity of sera mixed with the MAb depended only
on MADb activity, as it was not statistically different from PEI activity of the MAb alone.
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FIG 8 Competition evaluation. Dose-dependent binding competitions between sera and IgG#33 were performed. FACS analyses were performed using IgG#33
combined with serial dilutions (1:100 to 1:800) of both neutralizing (NT) serum (A) and nonneutralizing (non-NT) (B) serum to evaluate the possible competitive
binding of antibodies to gD1-transfected cells. As shown by the graphs, no competition resulted even with the lower serum dilution tested. NT (C) and PEI (D)
assays next were performed on Vero E6 cells with NT serum and a non-NT serum supplemented by IgG#33 against both HSV-1 and -2 infections. In NT assays,
lgG#33 was used at its 50% inhibitory concentration (1.092 wg/ml against HSV-1 and 0.731 ug/ml against HSV-2 tested isolates), while in PEl assays it was used
at 25 ug/ml and 100 wg/ml against HSV-1 and -2, respectively. Sera were used at 1:100 dilution, and the MAb alone control is indicated by white columns. Mean
values * SD are reported for each experimental condition (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

DISCUSSION

Overall, the presence of neutralizing antibodies is considered an important marker
of protection against many viruses (23-25). However, it is also well known that the
detection of only neutralizing antibodies can likewise be elusive for many viruses (26).
Many anti-HSV vaccine attempts, trials, and projects, with the aim of eliciting neutral-
izing serum antibodies, such as those using whole virions or full-length viral immuno-
genic proteins, have been carried out in recent decades without much success in
conferring long-lasting reduction of both clinical HSV recurrences and virus shedding
rates (5-7). In this regard, several research groups have improved our knowledge of
neutralizing epitopes present in HSV gD and gB (27-30). Moreover, it is also known that
the presence of only neutralizing antibodies is not enough to confer protection from
virus reactivations, it being a sufficient condition only for protection from de novo
infection (1, 3). In order to further dissect the contribution of naturally elicited anti-HSV
serum antibodies, we first analyzed sera according to their binding capability to both
whole virions and recombinant glycoproteins. As expected, from this first round of
screening we observed that almost all sera strongly recognized these two highly
immunogenic HSV glycoproteins, the viral gD and gB. Conversely, the overall binding
activity of the same sera to whole virions was orders of magnitude less strong, as
highlighted by median values. This is probably due to the presence of serum antibodies
hampering binding to the only recombinant glycoprotein for the sake of steric hin-
drance and/or to the relative amount of glycoproteins on the virion surface compared
to recombinant protein amounts used in these assays. Due to these speculative
assertions, our further analyses do not compare the binding magnitude of sera to
virions versus that to glycoproteins. Despite this explanation, it is necessary to under-
line that serum IgG binding to recombinant gB is probably also heavily related to the
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presence of antibodies able to recognize the gB (also) in its postfusion conformation.
This is why we should not exclude the possibility that these antibodies cannot bind the
same protein in its metastable conformation present on the surface of the whole
purified virions. Being unable to answer this question due to the lack of naturally
elicited human antibodies well characterized so far for their specificity against the gB
in its prefusion state, we further dissected another two macroscopic features of the
selected sera: their neutralizing activity and, more relevantly, their ability to inhibit the
cell-to-cell transmission mechanism when added to the cell monolayer after proper
virus entry performed at 37°C. Importantly, it should be remembered that polyclonal
antibodies in sera are a complex mixture; therefore, binding to discrete viral isolates
might vary on the basis of antibody cross-isolate recognition. Gathering the overall
results and keeping apart the single outlier sample deserving further attention, it is
possible to state that almost all sera were endowed with appreciable neutralizing
capability against both HSV-1 and -2 tested isolates. Interestingly, the global behavior
of the same sera tested at the same dilution for their PEI activity was divergent to their
global trend shown in neutralization experiments. This behavior has never been
described before for naturally elicited humoral responses directed against HSV but has
been described recently for human cytomegalovirus (31, 32). That is why, as a proof of
concept, we also addressed the PEl experiment for purified serum IgGs from two
different sera used as reference controls in our experiments. The results we gathered
show how the purified IgG fractions were completely unable to inhibit virus cell
passage even at a very high concentration, suggesting that their very low contribution
in PEI activity is due to other antibody classes or underrepresented 1gG not efficiently
purified from the same serum, which, however, was unable to block efficiently the
cell-to-cell transmission even at a lower dilution.

The next query to address was the evaluation of serum antibody titer specific for gD
and gB within the different sera. This analysis evidenced that even using low serum
dilutions, such as 1:100 and 1:200, the amount of these antibodies (<3.75 ug/ml) is
sufficient for neutralizing virus infectivity but not enough to completely inhibit its
replication once infection had occurred.

Once all of the data were gathered, a correlation analysis was performed to evidence
a possible relationship between binding and anti-HSV activity. The most important
information resulting from the correlation analysis of the data set was that gD binding
ability can be considered the sole serum marker related to the PEI activity detectable
in vitro. Moreover, higher neutralizing activity can be ascribed to gD binding capability
as well as anti-gD-gB serum titers, further confirming what was already observed (10,
13). These observations suggest that anti-gD antibodies naturally elicited from infection
or immunization with the whole gD format cannot abrogate the cell-to-cell transmis-
sion mechanism. This may be due to the presence of immunodominant gD regions
biasing the antibody response (10), as suggested by PEI activity of sera tested at low
dilution. We also observed the complete inability of highly concentrated purified serum
total IgGs to inhibit virus replication after infection (0 and 3.2% inhibition versus HSV-1
and -2 at 100 ug/ml). However, for the sake of clarity, the amount of total Abs
(containing anti-gD, gB, and gH/gL) recovered from serum contained within purified
IgG samples were inevitably lowered due to purification procedures, and this manda-
tory attempt was also performed in order to push as much as possible the serum-only
IgG concentration over the physiological amount. The observations on serum behavior
suggest epitope-tailored vaccine approaches (33) properly eliciting PEI antibodies as
well as for the setting up of novel immunotherapeutic regimens targeting HSV types
that do not respond to currently available systemic drugs. Regarding the latter, we
previously described a neutralizing human IgG that confers full protection from death
in animals infected with HSV and that also inhibits the HSV cell-to-cell transmission
mechanism (18, 19). This provides proof that even naturally elicited anti-gD antibodies
are able to block this mechanism, but for some reason they are not particularly
common and/or, when present, are probably underrepresented within the blood
serum. Nonetheless, we should also consider that serum antibody interference hampers
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the activity of possibly present PElI serum IgGs (34). We inferred this possibility by
spiking 1gG#33 into human serum and checking for IgG#33 binding displacement on
FACS experiments. As a result, we were able to assess how neither neutralizing nor
nonneutralizing sera were able to displace IgG#33 from cells expressing virus gD as well
as interfere with both neutralizing and PEI activity of the monoclonal antibody,
suggesting that beyond the crucial role of protective epitopes on the gD discussed
above, there is also a high affinity of antibodies for the viral target that is essential for
avoiding interference.

These screening experiments further dissect several features of the humoral human
response naturally elicited by HSV infection from a functional point of view. Our first
findings in that direction seem to confirm that viral gD is naturally able to elicit a
neutralizing response and also may be able to induce antibodies hampering the most
important HSV escape strategy: cell to cell. Unfortunately, all classical therapeutic
vaccine trials based on the whole virus or on the whole gD have failed to fulfill this
requirement, suggesting the need for novel vaccine strategies and novel correlate-of-
protection algorithms essential for evaluating all of the features of a truly protective
immune response. Finally, further studies broadening the number of analyzed serum
samples and including a fine dissection of sera collected from patients receiving
vaccine candidates in clinical studies will be important for addressing this issue. These
data elicit further investigations on the role played by cell-to-cell blocking antibodies in
preventing clinical reactivations.

MATERIALS AND METHODS

Cells and viruses. Vero E6 (Vero C1008, clone E6; ATCC CRL-1586) and HEK 293T (ATCC CRL-1586)
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10% (vol/vol) fetal bovine
serum (FBS). The laboratory strains HSV-1 HF (ATCC VR-260) and HSV-2 MS (ATCC VR-540) were used.

Recombinant proteins. All recombinant proteins were cloned from the HSV-1 (strain HF) genome.
Full-length (residues 1 to 394) glycoprotein D (gD1) was cloned into a mammalian expression vector
(pcDNA 3.1 directional TOPO expression kit; Invitrogen). The full-length (residues 1 to 904) glycoprotein
B (gB1) gene was synthesized and cloned into mammalian expression vector pcDNA3.1(+) by the Gene
Synthesis Service of GenScript. The soluble form of glycoprotein D (residues 1 to 300) and of glycoprotein
B (residues 1 to 733) were also cloned into pcDNA 3.1 vector. The soluble form of envelope protein E2
of hepatitis C virus (HCV) was cloned as already described (35) to be used as a purification control. HEK
293T cells were seeded in 6-well plates and were transfected the next day with the His-tagged protein
expression vectors and Lipofectamine 2000 transfection reagent (ThermoFisher Scientific) in Opti-MEM
reduced serum medium (Gibco, ThermoFisher Scientific) and serum-free DMEM without antibiotics. Six h
later the medium was replaced with DMEM containing 2% FBS. After 48 h, cell supernatants were
collected and His-tagged recombinant proteins were affinity purified over a nickel-nitrilotriacetic acid
(Ni-NTA) agarose (Qiagen) column. Primers used were Fw.gB_,, e (5'-AAAAAGCTTACCATGCGACAGGG
CGCACCTGCTCG), Rev.gB, e (5'-AACCGGTAGCGGCATTTGCGTCAGCATGAATCACG), Fw.gD (5'-GAAGG
ATCCATGATGGGGGGGGCTGCCGCCAG), Rev.gDg,, (5'-CACCGGTATCCTCGGGGTCTTCCGGGGCG) and
Rev.gD, e (5'-CACCGGTCATGTTGTTCGGGGTGGC)

Human sera. All anonymized samples were obtained from 87 subjects consenting for both single
blood sampling and specific serology for HSV-1 and -2 in 2017. Samples were selected according to their
positivity for qualitative serological test for the determination of specific IgG antibodies to HSV-1 and -2
in human serum. In detail, an indirect chemiluminescence immunoassay (CLIA) was performed (LIAISON
HSV-1/2 IgG assay; DiaSorin S.p.A., Saluggia, VC, Italy). A human serum recognizing both HSV-1 and -2
viruses and a human serum negative for anti-HSV antibodies were used as reference positive and
negative controls, respectively. IgGs were purified from human neutralizing serum and a nonneutralizing
serum control by a GammaBind Sepharose (GE Healthcare) column with goat anti-human IgG Fab
(ThermoFisher Scientific) according to the manufacturer’s instructions.

Monoclonal antibodies. Human IgG#33 has been previously described (18). It was selected using
phage display technology from peripheral B cells of a donor showing strong serum IgG ELISA reactivity
against both HSV-1 and -2 isolates. MAb#33 was selected against HSV-1- and -2-infected Vero E6 cells
after a deselection step using uninfected cells. Anti-HSV gB human monoclonal antibody obtained by
high-affinity selection by phage display was also used as a control for soluble HSV-1 gB purification and
for estimating anti-gB IgG titer. Anti-HCV/E2 IgGe137 (36) was used in His-tagged purification control
experiments.

ELISA. HSV-1 HF and HSV-2 MS strains were expanded in confluent Vero E6 cells cultured in T-25
flasks (Corning CellBIND). The cells were infected with viruses in complete DMEM without FBS, and after
2 h the medium was replaced with fresh complete DMEM with 2% FBS and cultured for a further 2 to
3 days until cell lysis. Cells were scraped, and the suspensions were collected and, after clarification at
1,204 X g for 15min at 4°C, heat inactivated for 30 min (HSV-1) or 10 min (HSV-2) at 56°C. After
centrifugation at 48,384 X g for 30 min at 4°C, virus pellets were resuspended. Cell pellets were
freeze-thawed three times and then sonicated three times. After centrifugation at 1,734 X g for 15 min
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at 4°C to pellet cell debris, the supernatant was centrifuged at 48,384 X g for 30 min at 4°C and
resuspended together with virus pellets. Aliquots were stored at —80°C, and their titers were equal
(2 X 108 PFU/ml). They were used for overnight coating of 96-well microplates (Corning Costar) at 4°C.
His-tagged soluble recombinant envelope glycoproteins were coated by following the protocol de-
scribed above, with 100 ng/well in phosphate-buffered saline (PBS). Coating the control with 1% bovine
serum albumin (BSA; Sigma-Aldrich) solution in PBS was added as a nonspecific reactivity control. The
following day, the plate was blocked with a 1% BSA solution in PBS to prevent nonspecific binding to
wells, and 5 png/ml of MAbs or 1:200 dilutions of sera were incubated with antigens for 1 h at 37°C. After
washing with 0.1% Tween 20 (Sigma-Aldrich) in PBS solution, serum IgG was detected with goat
anti-human IgG (Fab specific)-peroxidase antibody (A0293; Sigma-Aldrich), with His-tagged proteins with
anti-Hisg,-peroxidase antibody (11922416001; Sigma-Aldrich) as a coating control and using the Pierce
TMB substrate kit (ThermoFisher Scientific). The OD,,, was measured using Multiskan GO (ThermoFisher
Scientific).

Antibody titrations. His-tagged soluble recombinant gD1 and gB1 glycoproteins were used for
overnight coating of 96-well microplates at 4°C with 100 ng/well in PBS. Coating control and blocking
were performed as described above. Serial dilutions of sera (from 1:800 to 1:102,400) were incubated
with antigens for 1 h at 37°C. Standard curves were added to each plate using known concentrations of
human monoclonal antibodies directed against gD1 and gB1. After washing with 0.1% Tween 20 in PBS
solution, serum IgGs were detected with goat anti-human IgG (Fab specific)-peroxidase antibody and a
Pierce TMB substrate kit, measuring the OD,,. Titers of specific IgGs were calculated by interpolating
from the sigmoidal standard curves obtained with human monoclonal antibodies (37).

Flow cytometry (FACS). HEK 293T cells were transfected with the gD1 expression vector as
described for His-tagged soluble proteins, and transgene expression was tested after 48 h. After centrif-
ugation at 2,000 X g for 5 min, cells were fixed with 4% paraformaldehyde (PFA)-PBS and incubated for
30 min at room temperature with serial dilutions of sera (1:100 to 1:800) and/or IgG#33-labeled Alexa
Fluor488 at a concentration that resulted in gating 30% of cells, a percentage that facilitated interaction
with human sera. Untransfected cells were used as a negative control. Afterwards, the cells were washed
and analyzed by Beckman Coulter’s Gallios flow cytometer. The FACS data were analyzed using FCS
Express 6 Plus software (De Novo Software).

Microneutralization assay (NT). Different complemented serum concentrations (1:200 and 1:400)
were incubated with 200 50% tissue culture infectious doses of virus for 1 h at 37°C, and virus-serum
mixture was applied to Vero E6 monolayers. In competition experiments, IgG#33 was also added at its
50% inhibitory concentration (1.092 uwg/ml against HSV-1 and 0.731 ug/ml against HSV-2). After 2 h,
medium was replaced with complete DMEM with 2% FBS and plates were incubated for 21 h. Cells were
fixed and stained with anti-HSV1+HSV2 gD murine antibody 2C10 (ab6507; Abcam) and goat anti-mouse
1gG-fluorescein isothiocyanate antibody (F0257; Sigma-Aldrich). Hoechst 33258 (Sigma-Aldrich) was used
for nuclear staining. An IN Cell analyzer system allowed high-throughput acquisition, and analysis was
performed using IN Cell Investigator software.

PEI assay. The postentry assay was adapted from previous studies (20, 38) as previously described
(18, 19). Confluent monolayers of Vero E6 cells were infected with 100 PFU of virus. After 20 min of
adsorption at 37°C, the cell-free virus was removed. Cells were then incubated for 46 h in DMEM
containing 2% FBS and 0.5% agarose in the presence of complemented serum (1:200 dilution). In
competition experiments, 25 ug/ml and 100 wg/ml of IgG#33 was also added against HSV-1 and -2
infections, respectively. Cells were fixed and stained as described for the plaque reduction assay. Viral
plaques were counted in silico using ImageJ 1.50c4 software (U.S. NIH, Bethesda, MD; http://imagej.nih
.gov/ij/).

MST. For performing experiments with the soluble glycoprotein D, a fluorescent label (NT-647) was
attached to the protein (Tris-NTA/His tag coupling). In the microscale thermophoresis (MST) experiment,
the concentration of NT-647-labeled gD was kept constant, while the concentration of the nonlabeled
1gG#33 was varied between 1 uM and 0.06 nM. The assay was performed in PBS with 0.05% Tween 20.
After a short incubation, the samples were loaded into MST NT.115 premium glass capillaries and the
MST analysis was performed using a Monolith NT.115. Concentrations on the x axis are plotted in
nanomolars. A K, (dissociation constant) of =500 pM was determined for this interaction.

Statistical analysis. Wilcoxon matched-pairs signed rank test was used for statistical analysis of
medians of binding analysis data, neutralization assay, and PEI infection assay. t test followed by Welch’s
correction was used for statistical analysis of data generated by PEI assay performed with purified sera.
Two-way analysis of variance and Tukey’s multiple-comparison test were performed for the evaluation of
serum interfering activity with 1gG#33 against HSV-1 and -2 infection in NT and PEl assays. The
relationship between numerical variables was evaluated by means of Spearman’s correlation coefficient.
Exact P values were computed by permutation methods to avoid any asymptotic approximation or
distributional assumption. P values then were adjusted for false discovery rate.
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