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Herein, we report that the in situ formed peptidic nanofibers
facilitate the induction of multiple crucial immunities against HIV
DNA vaccine, including polyfunctional T cell response, broad 1gG
subclasses response, and V1/V2 loop-specific antibody response, all
of which can hardly be triggered by HIV DNA vaccine alone. Such
novel in situ formation fundamentally overcomes the big hurdle for
the applications of such nanofibers, which previously can only trigger
these crucial immune responses via adding exogenous alkaline phos-
phatase. Such robustness of peptidic nanofibers for inducing crucial
immune responses may allow better inhibition against HIV than
reported materials.

Since the first case of human immunodeficiency virus/HIV
discovered in 1983, this deadly virus has caused great harm
to human health worldwide. Vaccination is recognized as one
of the most effective and low-cost ways to control HIV spread
worldwide." Up to now, a major goal for HIV vaccines is to
induce good-quality, not only high-quantity, immune responses
to achieve high protection efficacy of HIV vaccines.” For example,
a strong, mono-functional T cell response (a single T cell simulta-
neously secretes only one or two cytokines) is limited for the
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Conceptual insights

This work employs peptidic nanofibers to significantly improve the
efficacy of vaccines for HIV, a virus against which human beings currently
have no effective vaccine. As adjuvant, such nanofibers can both improve
the quality of immune responses against HIV and provide convenience
for administration. These two improvements allow a significant advance-
ment in the field of HIV vaccine, which is far limited because of the
immense difficulties in obtaining a high-quality immune response and
complex protocols for administration. This work provides an exciting way
to overcome such difficulties via safe and convenient adjuvants, the in situ
formed peptidic nanofibers. The superior performance of nanofibers as
adjuvants on fundamentally optimizing HIV vaccine is a disruptive
advancement in the field of adjuvant research, and will further
promote the development of next-generation vaccines against AIDS and
other diseases.

clearance and control of the virus in vivo.®> Likewise, a potent
antibody titer against HIV alone does not necessarily translate
into good neutralization (blocking the infection of virus).* In
contrast, some unique profiles of the immune response, such
as both the polyfunctional T cell response®® and the broad IgG
subclasses response,”? are featured in LTNPs, and the IgG
response against the crucial epitope (V1/V2 loop of HIV Env)
can effectively reduce HIV infection risk.'*> We thus wonder if
there is a way to optimize such profiles of immune responses of
HIV vaccines.

Nanomaterials have obtained widespread attention because
of their specific bio-effects in vivo, and also have been applied
in the field of biomedicine.'*'* In particular, peptidic nanofi-
bers may be useful for vaccination. They not only act as basic
building blocks to comprise the complex cytoskeleton network
to maintain cellular structure, but also construct the complex
extracellular matrix to mediate the interactions between cells
and their surrounding microenvironment.'® In recent years,
numerous studies focused on investigating the bio-effects of
peptidic nanofibers formed in vitro by some inducers, such as
enzymes, heating, change of pH and so forth."”*® However, such
nanofibers still face many problems for practical applications,
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because they have to be constructed in vitro via adding inducers
before injection into the body. A latest study from the Bing Xu’s
group reported that peptidic nanofibers can self-assemble on the
surface of cancer cells in vitro, using the ALP secreted by cells
themselves.'® It suggested that peptidic precursors might self-
assemble in vivo dependent on an endogenous inducer, such as
ALP. In one of our recent studies, a kind of peptidic precursor
named NMe [it contains four amino acids backbone (glycine-
phenylalanine-phenylalanine-tyrosine), in which the N-terminal
and the C-terminal are modified by naphthalene acetic acid and
the methylamino group respectively] can self-assemble into
nanofibers in vitro after the hydrolysis by ALP. Such peptidic
nanofibers as adjuvants can increase the strength of the T cell
and the IgG response against the HIV DNA vaccine in mice, via
compressing HIV DNA vaccines into more compact spheres to
enter antigen-presenting cells more effectively.”® However, all
above immunological effects were triggered by peptidic nano-
fibers which were assembled in vitro via addition of exogenous
ALP. We thus wonder whether such peptidic nanofibers have
similar effects when they are directly injected without exogenous
ALP (a more convenient way for practical applications), consider-
ing endogenous ALP has an extensive contribution in vivo.

Herein, we investigated the effects of different assembly
modes of peptidic nanofibers on regulating crucial immune
responses induced by the HIV DNA vaccine, including the
polyfunctional T cell response, the broad IgG subclasses
response and the V1/V2-specific IgG response. Precursors of
nanofibers that were directly injected in a body (a convenient
route for application) had the same immunological effects as
the nanofibers formed in vitro via addition of exogenous ALP,
thus showing the robustness of such nanofibers. Our results
not only explored multiple crucial immunological effects of
peptidic nanofibers, but also cleared the hurdles for large-scale
clinical applications by tremendously simplifying the route for
administering such peptidic nanofibers.

Results and discussion

For enzyme-triggered peptidic nanofibers, the assembly mode
directly determines their suitability as vaccine adjuvants. In
most previous studies, enzyme-triggered nanofibers require
exogenous enzymes to initiate the assembly process. Such
operation procedure severely compromises the convenience,
because users have to prepare the nanofibers every time before
injection. Moreover, the safety of the vaccine will depend on the
purity and safety of the enzymes, in addition to those of the
nanofibers themselves. Having to include an enzyme in a
vaccine will also significantly increase the cost for practical
applications. We thus considered whether such nanofibers
would successfully form in situ, employing only the endogenous
enzymes in vivo.

To verify the possibility that our nanofibers can be
assembled in vivo using endogenous ALP, we first investigated
the formation of such fibers in the cell culture system. We
herein designed three experiment groups (Fig. 1A). (i) HeLa
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cells (a cancer cell line, 1 x 10° cells) cultured with the 0.1 wt%
NMe precursor-added medium; (ii) medium supplemented by
both ALP (60 U ml ') and 0.1 wt% NMe precursors (positive
control). HeLa cells lysis solution (1 x 10’ cells) has similar
catalytic capability to NMe precursors as 60 U ml~" ALP (Fig. S1,
ESI¥); (iii) HeLa cells (1 x 10> cells) cultured with the medium
alone (negative control). After 24 hours, the nanofiber network
was observed in groups (i) and (ii), but not in group (iii)
(observed via TEM). The range of length of nanofibers was
between 15 nm and 300 nm (Fig. 1A). The range of diameter of
nanofibers was between 15 nm and 40 nm (Fig. 1A). These
results indicated that NMe can self-assemble into nanofibers in
the cell system without exogenous ALP.

We wonder whether the in situ formed nanofibers (without
exogenous ALP) have similar immunological effects to that
formed in vitro via adding exogenous ALP before injection. To
answer this question, we designed three modes of nanofibers
(Fig. 1B). (i) Mode I (in situ formation, without exogenous ALP),
the mixture of the DNA vaccine and NMe was injected directly
into the mice body; (ii) Mode II, NMe assembled into nano-
fibers by adding exogenous ALP before combination with the
HIV DNA vaccine, then were injected into mice together; (iii)
Mode III, the DNA vaccine and NMe were mixed together in the
presence of ALP before injection into mice. Mice injected with
the DNA vaccine alone was used as a control.

We first investigated whether the precursors of NMe can
bind to the HIV DNA vaccines to understand the probable
working mechanism in above three models. Via an isothermal
titration calorimetry (ITC) assay, we quantified the intermole-
cular interactions between the precursors of NMe and the HIV
DNA vaccine (Fig. 1C). By titrating the precursors of NMe (250
puM) into the HIV DNA vaccine (153 nM), we obtained several
critical thermodynamic parameters including binding affinity
(K), enthalpy changes (AH) and binding stoichiometry (N).
Approximately, one HIV DNA molecule will bind 13 precursors
of NMe (N = 0.0806 + 0.00517 sites) to form an intermediate.
There is the binding (binding affinity is 2.68 £ 0.701 x 10° M~ 1)
between the precursors of NMe and the HIV DNA vaccine
(Fig. 1C). Such binding might help NMe to compress loose
DNA into the compact structure along with the formation of the
nanofiber network. The compact DNA will be more effective to
enter the cells, finally causing enhanced immunity according to
our previous report.*°

We next investigated the effects of three different formation
modes of nanofibers on regulating the polyfunctional T cell
response induced by the HIV DNA vaccine, because in the
clinic, such immunity is inversely correlated with the disease
progression in HIV infected individuals.>® In this study, the
polyfunctionality of the T cell is defined as a single cell which
can simultaneously secrete at least three cytokines among
the following five cytokines, interleukin 2 (IL-2), interleukin 4
(IL-4), interferon gamma (IFN-y), tumor necrosis factor alpha
(TNF-at), and cluster of differentiation molecule 107a (CD107a).
All these cytokines are crucial parameters used to evaluate the
polyfunctionality of T cells of the HIV vaccine.**" “5-Cytokine-
secreting T cells” indicate cells that simultaneously secrete all

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 The formation of peptidic nanofibers in the cell culture system, and the binding between NMe precursors and HIV DNA vaccines. (A) (i) HelLa cells
(@ cancer cell line, secrete ALP by themselves) cultured with the NMe precursor-added medium; (i) medium supplemented by both ALP and NMe
precursors (positive control); (iii) cells cultured with the medium alone (negative control). After 24 hours, the nanofiber network was observed by TEM in
groups (i) and (i), but not in group (iii). We randomly chose 20 fibers in each sample. By measuring the length (the distance between two nodes) and
diameter of each fiber, we estimated the rough range of length and diameter of these fibers. The range of length of nanofibers was between 15 nm and
300 nm. The diameter range of nanofibers was between 15 nm and 40 nm. (B) The schematic diagram of three modes. ‘I indicates that the mixture of the
DNA vaccine and NMe was injected directly into the mice body (without premixing with ALP); ‘" means that NMe assembled into nanofibers by ALP
before combination with the HIV DNA vaccine; ‘lllI' means that the DNA vaccine and NMe were mixed together in the presence of ALP before injection
into the mice. (C) In the ITC test, NMe precursors (250 uM) were titrated into the solution of the HIV DNA vaccine (153 nM). The results revealed the

binding between the precursors of NMe and the HIV DNA vaccine.

these five cytokines. “4-Cytokine-secreting T cells” and “3-cytokine-
secreting T cells” respectively represent the cells that secrete
four and three cytokines among above five cytokines. The sum
of the percentage of T cells secreting 3-, 4- and 5-cytokines
represents the total strength of the polyfunctional T cell
response. The 5-cytokine-secreting T cell response (1.05% for
Mode I, 0.93% for Mode II and 1.37% for Mode III, Fig. 2A) was
effectively induced in all three modes to a level not achievable
by the DNA vaccine alone. Also, significantly increased ratios of
T cells expressing 4-cytokines and 3-cytokines (Mode I: 2.39%
and 3.31%j; Mode II: 2.61% and 3.22%; Mode III: 4.86% and
2.7%, respectively) were triggered in three modes, compared
with the DNA vaccine alone (1.24% and 0.83%) (Fig. 2A). The
total strength of the polyfunctional T cell response (the sum of
percentage of T cells secreting 3-, 4- and 5-cytokines) was
improved markedly in three modes (P < 0.01; Fig. 2B). However,
the total strength of the polyfunctional T cell response among
three modes had no significant difference in statistics (Fig. 2B).

This journal is © The Royal Society of Chemistry 2016

In addition, peptidic nanofibers increased the numbers of
combination ways of 3- and 4-cytokines, which respectively
should be ten (C5* = 10) and five (C5* = 5) kinds of combination
ways. iLe., four types of 4-cytokine combinations and seven
types of 3-cytokine combinations were triggered in three
modes, which respectively included (CD107a, IFN-y, IL-2, IL-4),
(CD107a, IFN-y, IL-4, TNF-), (CD107a, IL-2, IL-4, TNF-u),
(CD107a, IFN-y, IL-2, TNF-o) (Fig. S2, ESIt), as well as (CD107a,
IFN-y, IL-4), (CD107a, IL-2, TNF-0), (CD107a, IL-4, TNF-0), (IFN-y,
IL-2, IL-4), (IFN-y, IL-4, TNF-0), (CD107a, IFN-y, TNF-0), (CD107a,
IL-2, IL-4) (Fig. S3, ESIt). The HIV DNA vaccine alone triggered
only two combinations of 4-cytokines (Fig. S2, ESIt) and four
combinations of 3-cytokines, respectively (Fig. S3, ESIt). All
together, these results indicated that peptidic nanofibers can
improve the HIV-specific polyfunctional T cell response. More
importantly, in situ formed nanofibers had the same effect as that
injected with exogenous ALP on immunoregulating the polyfunc-
tional T cell response. It thus highlighted the advantages of such

Nanoscale Horiz., 2016, 1, 135-143 | 137
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Fig. 2 Polyfunctional T cell response induced by the HIV DNA vaccine aided by peptidic nanofibers in three modes, compared with the HIV DNA vaccine
alone. (A) The percentage of T cells which simultaneously secrete 5-cytokines (IL-2, IL-4, TNF-q, IFN-y and CD107a), 4-cytokines (four cytokines among
IL-2, IL-4, TNF-o, IFN-y and CD107a), and 3-cytokines (three cytokines among IL-2, IL-4, TNF-a, IFN-y and CD107a). (B) The total strength of the

polyfunctional T cell response (the sum of proportion of T cell secreting 5-,

4- and 3-cytokines). (C) The flow cytometric analysis for four intercellular

cytokines (IL-2, IL-4, TNF-a, IFN-v) and one surface molecule (CD107a) of T cells in different mice groups. Mice were intradermally vaccinated with the
DNA vaccine alone (naked DNA) and the DNA vaccine aided by peptidic nanofibers (three modes respectively). 'naked DNA": mice vaccinated with the HIV
DNA vaccine alone. ‘blank’: mice vaccinated with an empty DNA vector aided by peptidic hanofibers. Symbols ** and * respectively mean P value < 0.01

and < 0.05.

nanofibers for practical applications on improving the polyfunc-
tional T cell response by the HIV DNA vaccine.

Such superior function of peptidic nanofibers on optimizing
the polyfunctional T cell response also implies that they can
serve as candidates to substitute existing ways for enhancing
vaccine-specific polyfunctionality, e.g., some virus-derived vaccine
vectors (vaccinia or yellow fever virus).***® Virus-derived vectors
usually contain many undefined constituents that can be
expressed in vivo and might incorrectly influence immune
responses by some unknown and uncontrollable ways. For example,
in the Merck phase II trials of the HIV vaccine, some unknown and
invivo expressed elements located in an adenoviral vector might

138 | Nanoscale Horiz., 2016, 1, 135-143

be the factors that caused a higher infection ratio for vaccinated
individuals.>* However, the components of peptidic nanofibers
in this study have been identified clearly. Its safety is very good
in vitro and in vivo.”® It suggests that such nanofibers might be
a better option for inducing the polyfunctional T cell response,
compared with the virus-derived vaccine vectors.

Moreover, the result that our in situ formed peptidic nano-
fibers increased IL-4 expression encouraged us to investigate
the probable effect on regulating the maturation of B cells,
since IL-4 is a crucial factor on promoting the maturation of B
cells.”> We herein evaluated the maturation of B cells in four
mice groups, which were respectively vaccinated with the HIV

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 The maturation of B cells stimulated by peptidic nanofibers. Flow cytometric analysis for the expressions of four surface markers indicating B cell
maturation, including CD40, CD69, CD86 and MHC |. These cells were gated from B220™ (one specific mark of B cells) lymphocytes derived from the
mice spleen. (A) Flow cytometric analysis for above surface molecules in different mice groups. (B) Histograms (the percentage of B220* B cells which
respectively expressed CD40, CD69, CD86 and MHC I). ‘naked DNA', 'I', ‘II', "llI" and ‘blank’ are the same as Fig. 2.

DNA vaccine alone and the HIV DNA vaccine aided by nano-
fibers via above three modes. An empty vaccine vector was used
as a blank control. Three kinds of molecules on the B cell surface
(CD40, CD69, CD86) were selected as markers for evaluating the

This journal is © The Royal Society of Chemistry 2016

maturation of B cells.”®*” The ratios of B cells expressing the
above three molecules increased significantly in all three mice
modes vaccinated with the HIV DNA vaccine aided by peptidic
nanofibers, compared with those vaccinated with the HIV DNA
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vaccine alone (Fig. 3). Furthermore, the expression of the MHC
molecule (the carrier of antigen epitope in cytoplasm) on the cell
surface was significantly enhanced by peptidic nanofibers in
three modes (Fig. 3). These results provided evidences for our
above hypothesis that in situ formed peptidic nanofibers can
promote B cell maturation, the same as that formed by adding
exogenous ALP.

Next, we analyzed the effect of in situ formed peptidic
nanofibers on the regulation of the humoral response via
investigating antibody titers in the serum, because the facilita-
tion of B cell maturation is consistent with the enhancement
of the antibody response (B cells are in charge of secreting
antibodies®®). Compared with DNA alone, the DNA vaccine
aided by peptidic nanofibers in all three modes induced
significantly higher titers of IgM and IgG (Fig. 4A and B). We
analyzed the influence of peptidic nanofibers on shaping the
IgG subclass response, because the broad IgG subclass response
is another important clinical feature for LTNPs.” > Herein, the
positive IgG subclass response is defined as the OD value
(difference value between 450 nm and 630 nm) being higher
than 0.1 when serum samples are diluted at 1:100 (log 10 value
is 2 at least). Nanofibers in all three modes triggered positive
responses against all four IgG subclasses (log 10 values of IgG1,
IgG2a, IgG2b, IgG3 were higher than 2), but DNA alone only

A IgM
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induced positive 1gG2a response (Fig. 4C). Therefore, in situ
formed nanofibers, as effective as that formed via adding
exogenous ALP, broadened the IgG subclasses response. Note-
worthily, the function of such nanofibers on enhancing the IgG1
response by the HIV vaccine might further improve the value of
such nanofibers. IgG1 is a main form of the neutralizing anti-
body in blood. Multiple broad-neutralizing monoclonal anti-
bodies, such as F105, 2G12 and 2F5, belong to the IgG1 subclass.?
Moreover, high affinity of IgG1 with the Fc-y receptor makes
IgG1l become a crucial type of antibody on inhibiting HIV
via antibody-dependent cell-mediated cytotoxicity (ADCC),""*°
which is a mechanism of immune defense where ADCC-effector
cells (such as natural killer cells, macrophages or neutrophils)
selectively attack pathogen-infected cells via the affinity-
dependent recognition against antibodies binding on the sur-
face of pathogen-infected cells (mediated by the Fc-y receptor
on the surface of ADCC-effector cells).*'

To our excitement, the peptidic nanofibers in all three modes
improved the V1/V2 loop-specific IgG response (V1/V2-specific
IgG2a, IgG2b and IgG3 responses; Fig. 5A and B), which was
positively correlated with protection efficacy in an updated phase
III HIV vaccine trial in Thailand."? Such crucial immunity failed
to be triggered by the HIV DNA vaccine alone (Fig. 5A). Recently,
a NIH-led large-scale clinical trial (HVIN 505) was stopped,

B 196

Antibody titer (Log10)

naked DNA
blank

blank
| naked DNA
blank
| naked DNA
blank

-+ + +

Fig. 4 The titers of IgM, IgG, and four IgG subclasses (IgG1, 1gG2a, 1gG2b, IgG3) against HIV Env gp145. Serum samples from vaccinated mice were
harvested two weeks after the final immunization. Each mouse serum was evaluated by the standard ELISA assay (each serum sample was repeatedly
detected once). The results are the mean value (log 10 value) of each group of mice + SD. (A-C) respectively indicate the titers of IgM, IgG, and four IgG
subclasses (IgG1, IgG2a, IgG2b, IgG3) against the whole HIV Env gp145 in mice. '+ and '—" in part (C) respectively indicate positive and negative antibody
responses. The positive value is determined: (1) OD value (difference value between 450 nm and 630 nm) >0.1 at the dilution of 1:100, (2) at least

2.1 folds that of the negative control.
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Fig. 5 19G response against the HIV Env V1/V2 loop. The HIV Env V1/V2 loop-specific IgG response was detected by ELISA. Mice were vaccinated with
‘blank’, ‘naked DNA', and DNA aided by peptidic nanofibers, respectively (three modes: |, Il and Ill). The positive response is defined as that the log 10 value
is higher than 2. (A) Significantly stronger IgG response against the HIV Env V1/V2 loop (positive response) was found in mice vaccinated with the HIV DNA
vaccine aided by nanofibers in Mode |, II, and Ill, compared with that vaccinated with the HIV DNA vaccine alone (negative response). (B) For each IgG
subclass response in Mode |, Il, and llI, positive 19G2a, 19G2b, 1gG3 responses were triggered in mice vaccinated with the HIV DNA vaccine aided by

nanofibers, but the IgG1 response was negative.

because the HIV vaccine regimen did not prevent HIV infection.
One of major reasons might be that the crucial immune response,
the V1/V2-specific IgG response, was not triggered.** Considering
our peptidic nanofibers can effectively optimize such immune
response induced by the HIV vaccine, it thus might fundamentally
optimize immunities of HIV vaccine regimens like HVIN 505. If
such a clinical trial had incorporated the peptidic nanofibers, we
would have predicted a better outcome.

Finally, we investigated whether NMe can still improve
immunities by the HIV DNA vaccine when they are separately
vaccinated. There is no binding between the HIV DNA vaccine
and NMe in the separated vaccination. Such investigation is an
important supplement for Mode I (injecting the HIV DNA
vaccine and NMe together), and will further reveal the impor-
tance of the binding between the HIV DNA vaccine and NMe for
enhancing immunities by the vaccine. One mouse group was
injected with NMe precursors first, followed by the HIV DNA
vaccine (the time interval is one hour). In contrast, another
mouse group was injected with the HIV DNA vaccine first,
followed by NMe precursors one hour later. Comparing with

This journal is © The Royal Society of Chemistry 2016

the mouse group vaccinated with the HIV DNA vaccine alone,
neither the ‘HIV DNA vaccine first, followed by NMe’ nor ‘NMe
first, followed by the HIV DNA vaccine’ significantly improve
the immunities, including the polyfunctional T cell response,
IgM, IgG, IgG subclass and V1/V2 loop-specific antibody responses
(Fig. S4, ESIY). It suggested that a binding between NMe
precursors and the HIV DNA vaccine is necessary to improve
such immunities by the HIV DNA vaccine.

Conclusion

In summary, in situ formed peptidic nanofibers can improve
the crucial immunities of the HIV DNA vaccine, including the
polyfunctional T cell response, the broad IgG subclass response,
and the V1/V2-specific IgG response, all of which can effectively
delay the disease process or improve the protection from the
infection of HIV. Such novel in situ formation (triggering the
formation of peptidic nanofibers without exogenous ALP) thus
highlights the robustness of the nanofibers as vaccine adjuvants
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for practical applications, since we can simplify the operation
procedure when injecting the complex of nanofibers and the HIV
DNA vaccine into the host body (without premixing with ALP).
Also, such unique features will facilitate the peptidic nanofibers
to be crucial components not only in next-generation HIV vaccines,
but also for other infectious diseases and cancer immunotherapy
vaccines, such as the yellow fever vaccine, and the lung cancer
immunotherapy vaccine, considering that the importance of
immunities improved by peptidic nanofibers on inhibiting the
development of these diseases.
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