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ABSTRACT
Coxsackievirus A16 (CV-A16) is a major causative pathogen of hand, foot, and mouth diseases (HFMDs). The licensed
HFMD vaccine targets EV-A71 without cross-protection against CV-A16. Thus, a CV-A16 vaccine is needed. In this
study, the immunogenicity and protective efficacy of a live attenuated CV-A16 candidate, K168-8Ac, were evaluated
in a rhesus monkey model. Four passages of this strain (P35, P50, P60, and P70) were administered to monkeys, and
its protective effect was identified. The immunized monkeys were clinically asymptomatic, except for slight fever.
Weak viraemia was observed, and two doses of vaccination were found to significantly reduce virus shedding. High
levels of antibody responses were observed (1:1024–1:2048), along with a significant increase in plasma IL-8. The I.M.
group showed a much stronger humoural immunity. Pathological damage was detected mainly in lung tissues,
although thalamus, spinal cord, lymph nodes, and livers were involved. After the viral challenge, it was found that
two doses of vaccine reduced virus shedding, and the degree of lung damage and the number of organs involved
decreased as the passage number increased. Overall, a robust immune response and partial protection against CV-
A16, triggered by the K168-8Ac strain, were demonstrated. This study provides valuable data for CV-A16 vaccine
development.
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Introduction

Hand, foot, and mouth disease (HFMD) has received
considerable attention in the past decade in China
[1–3]. The first HFMD outbreak dates back to as
early as 1957 in New Zealand [4]. The 2008 epidemic
of HFMD in mainland China is by far the largest out-
break of this disease [5]. As of June 2019, over 21
million HFMD cases were reported in China [6].
HFMD is a common contagious disease among chil-
dren aged <5 years and occurs sporadically in adults
[1,7,8]. Clinical manifestations of HFMD include
fever, vesicles on hands, feet, mouth, anus, and central
nervous system diseases such as aseptic meningitis,
encephalitis, and neurogenic pulmonary oedema.

To date, more than 20 pathogens have been associ-
ated with HFMD. Amongst these, enterovirus 71 (EV-
A71) and coxsackievirus A16 (CV-A16) are the two
most common pathogens. Although several inacti-
vated EV-A71 vaccines have been marketed success-
fully in China [9,10], their cross-protection efficacy
against other HFMD pathogens, including CV-A16,

have not been recognized [11]. Therefore, the CV-
A16 vaccine development is of great significance to
control HFMD.

Live attenuated vaccine represents an attractive
vaccine development strategy. In our previous study,
we isolated ∼30 CV-A16 strains from clinical faecal
samples. These CV-A16 isolates were adapted to a
human lung diploid embryonic cell line, KMB17, by
serial passage. According to several evaluation metrics,
such as virus proliferation and immunogenicity, two
strains (K154 and K168-8Ac) were selected as the vac-
cine candidate strains in our previous studies [12].
Subsequently, we found that 17th passage (P17) of
K168-8Ac strain on KMB17 displayed an attenuated-
virulence phenotype in mice; however, histopathologi-
cal examination showed mild inflammatory infiltra-
tion in the myocardial interstitium [13]. Therefore,
in this study, higher passages of K168-8Ac strain
(P35, P50, P60, and P70) were chosen for evaluation
of their safety and efficacy in a non-human primate
model.
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Material and methods

Viruses, cells, and serial passages

Two CV-A16 strains, K168-8Ac (GenBank:
KY088084.1) and K154, were isolated and identified
by our group from HFMD patients in Kunming Chil-
dren’s Hospital, Yunnan, China. K168-8Ac strain was
used as the parental strain for the live attenuated vac-
cine, and K154 strain was used in the in vivo challenge
experiments. KMB17 andVero cells are commonly used
as cell matrix for vaccine production in China [14–17].
These two cell lines were provided by the Department
of Quality Control, the Institute of Medical Biology,
Chinese Academic of Medical Sciences (CAMS).
KMB17 cells and Vero cells were grown in Dulbecco’s
modified Eagle’s medium (Gibco, Indianapolis, OH,
USA), supplemented with 10% foetal bovine serum.
K168-8Ac strain was serially passaged in KMB17 cells.
Each passage was titrated using Vero cells as described
in our previous studies [18,19]. Mycoplasma contami-
nation in the passageswas determined using a commer-
cial kit (Yise, Shanghai, China). The list of viruses used
in this study is shown in Table 1.

Sequencing of the whole genome of the four
passages of K168-8Ac strain

To determine the genetic stability of K168-8Ac strain,
the whole genomes of four viruses and earlier passages
in KMB17 cells along with their parental virus propa-
gated in Vero cells were sequenced. Seven pairs of pri-
mers (Table S1) were designed to amplify the genomes
using a PrimeScript One-Step RT–PCR kit (Takara,
Japan) according to the manufacturer’s instruction.
DNA products were sequenced using a commercial cor-
poration (TSINGKE). The editing and alignments of the
sequences were performed using DNAstar version 7.1.

Rhesus monkeys

Male rhesus monkeys aged 5–10 months at immuniz-
ation were used in this study. All experimental pro-
cedures and animal care protocols were approved by
the Yunnan Provincial Experimental Animal Manage-
ment Association (approval number: SYXK (Dian)
K2015-0006) and the Experimental Animal Ethics
Committee of the Institute of Medical Biology,
CAMS (approval number: [2016] 59). Before

beginning the study, all monkeys were confirmed to
be negative for CV-A16 antibodies.

Immunization and challenge

A total of 26 monkeys were randomly assigned to four
experiment groups (with six monkeys per group), and
to one non-immunization control group, respectively.
The intramuscular, intranasal, and oral routes of vac-
cine administration were used within each experiment
group. The vaccination schedule is shown in Table 2.
Considering that intranasal or oral immunization
routes could not induce high production of the CV-
A16 neutralizing antibody, we performed the sub-
sequent challenge experiment on the four monkeys
vaccinated via the intramuscular route on day 14
after the secondary immunization. In this experiment,
two additional monkeys were used as a challenge con-
trol without immunization. K154 strain was adminis-
tered as a challenge virus, at a dose of 7.37 CCID50

(50% cell culture infective dose) per monkey (Table 2).

Viral quantification by RT-qPCR

Supernatants obtained from the faeces or plasma
samples were used to extract viral RNA for virus
quantification, using a commercial kit (Axygen, NY,
USA). One-step RT-qPCR (Takara, Dalian, China) was
performedusing afluorescence quantitative PCR instru-
ment (Bio-Rad Laboratories, Hercules, CA, USA),
according to the manufacturer’s instructions. Primer
sequences were as follows: Forward: acactccattaccct-
gagggtgta; Reverse: agggttgatttctcagaggtcttg. Probe:
5′FAM-atgagaatcaaacacgtcagggcatggat-3′TAMRA.

Neutralization assays

Serum samples were inactivated at 56°C for 20 min
before use. The neutralizing activity of serum was
measured in 96-well culture plates using the micro-
cytopathic method using Vero cells, as described pre-
viously [19].

Cytokine and chemokine detection

Interferon-γ (IFN-γ), interleukin-4 (IL-4), IL-6, IL-8,
and tumour necrosis factor-α (TNF-α) were quantified
as representative cytokines and chemokines, using the

Table 1. Assays on the CV-A16 viruses for use in in vivo experiments.
Strain Passage Usage Titre (LgCCID50/ml) Microbial contamination mycoplasma

K168-8Ac P35 Immunization 7.62 –* –
K168-8Ac P50 Immunization 7.87 – –
K168-8Ac P60 Immunization 7.87 – –
K168-8Ac P70 Immunization 7.50 – –
K154 / Challenge 7.37 – –

*Negative.
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Luminex-200 System (Luminex, Austin, TX, USA) with
a customized Milliplex Kit (Millipore, MA, USA),
according to themanufacturer’s instruction. Data analy-
sis was done using the Milliplex Analyst 5.1 software.

Statistical analysis

The IBM SPSS 22.0 statistical software was used for all
statistical analyses. The independent samples t-test or
one-way analysis of variance – was used for compari-
sons between two groups or more than two groups,
respectively. For non-normal distribution data, the
non-parametric Mann–Whitney U-test or Kruskal–
Wallis test was used. A value of P < .05 was considered
statistically significant.

Results

Five nucleotide variations in whole genome
among the four passages of K168-8Ac strain

We identified five nucleotide variations between these
viruses. These were located in two structural regions,

VP2 and VP3, and in a non-structural 2C region
(Table 3). Four nucleotide changes within VP2 and
VP3 region were missense mutations, while the one
within 2C region was synonymous mutation. When
the virus culture matrix was switched to KMB17, only
one amino acid substitution was observed. Compared
to the earlier passage of K168-8Ac strain, propagated
in KMB17 cells, higher passages showed three amino
acid changes in the 141st and 226th positions in the
VP2 region and in the 29th position in the VP3 region.

Rhesus monkeys inoculated with all K168-8Ac
passages were clinically asymptomatic except
for slight fever

None of the immunized monkeys showed typical clini-
cal signs of HFMD. The rectal temperature of monkeys
inoculated with P35 increased significantly by 0.36°C at
days 2–4 post-first immunization (t = 4.824, P < .01)
compared with that at the baseline, and no obvious
change was seen after second immunization (Figure 1
(A)). The rectal temperature of monkeys inoculated

Table 2. Experiment scheme for evaluating the safety and protection of the CV-A16 candidate attenuated strain in rhesus
monkeys.

Monkey no.

Immunization Challenge

Strain Passage
Dosage

(Log CCID50/dose) Route Strain Route
Dosage

(Log CCID50/dose)

1 K168-8Ac P35 7.5 I.M. / / /
2 K154 Intranasal + oral 7.33
3 K168-8Ac P35 7.5 Intranasal / / /
4 / / /
5 K168-8Ac P35 7.5 Oral / / /
6 / / /
7 K168-8Ac P50 7.5 I.M. / / /
8 K154 Intranasal + oral 7.33
9 K168-8Ac P50 7.5 Intranasal / / /
10 / / /
11 K168-8Ac P50 7.5 Oral / / /
12 / / /
13 K168-8Ac P60 7.5 I.M. K154 Intranasal + oral 7.33
14 / / /
15 K168-8Ac P60 7.5 Intranasal / / /
16 / / /
17 K168-8Ac P60 7.5 Oral / / /
18 /
19 K168-8Ac P70 7.5 I.M. / / /
20 K154 Intranasal + oral 7.33
21 K168-8Ac P70 7.5 Intranasal / / /
22 / / /
23 K168-8Ac P70 7.5 Oral / / /
24 / / /
25 / / / / K154 Intranasal + oral 7.33
26
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with P50 was mildly elevated at 4–6 days post-first
immunization (t = 2.933, P < .05) (Figure 1(A)). How-
ever, the monkeys inoculated with P60 or P70 did not
have fever (Figure 1(A)). Monkeys immunized via the
intramuscular or oral routes showed a higher rectal
temperature at the indicated time points than the base-
line. In contrast, monkeys those immunized via nasal
route did not have fever (Figure 2(A)).

Weak viraemia in the inoculated rhesus
monkeys

Among the four passages, the viral load in the
plasma of monkeys inoculated with P35 showed a
detectable viraemia at days 8–21 after the initial
immunization. A transient significant viraemia was
observed in ∼16.7% of the animals (1/6) immunized

Table 3. Comparison of whole-genome sequences of these different passages of the K168-8Ac strain.

Gene

Single-nucleotide differences between different passages Amino acid changes between different passages

Position VP* KP§ P35 P50 P60 P70 Position* VP* KP§ P35 P50 P60 P70

VP2 421 A A A A G G 141 N N N N D D
VP2 676 A A G G G G 226 T T A A A A
VP3 85 C C T T T T 29 H H Y Y Y Y
VP3 718 A G G G G G 240 N D D D D D
2C 684 A G G G G G 228 V V V V V V

*The earliest passage of K168-8Ac propagated in Vero cells.
§The earliest passage of K168-8Ac propagated in human embryonic lung diploid cells.

Figure 1. Immunization with four passages of K168-8Ac strain to elicit immune response of CV-A16. (A) The rectal temperature of
the rhesus macaques immunized with four passages. Each monkey was daily monitored after primary immunization (n = 6) and
after secondary immunization (n = 3) (*P < .05, **P < .01). (B) Plasma viral load in the immunized rhesus macaques with four
passages by qPCR. Within 14 days, post-primary immunization (n = 6) and at other time points (n = 3) were shown. (C) CV-
A16-specific neutralization antibody levels of the immunized rhesus macaques with four passages administered through intramus-
cular injection. (D) Viral shedding in stools collected from the immunized rhesus macaques administered with four passages. Viral
shedding within 14 days post-primary immunization (n = 6) and at other indicated time points (n = 2) is shown. (E) Quantification
analysis of five cytokines or chemokines in plasma of the immunized rhesus macaques administered with four passages. Data were
collected during 5–27 days after primary immunization (n = 6) and during 3–15 days after secondary immunization (n = 3).
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with P50 or P60 on day 5 or day 8 after initial
immunization, while the levels of viral load in mon-
keys immunized with P70 were undetectable (Figure
1(B)). After secondary immunization, the viral loads
in all monkeys were less than 100 CCID50/ml
(Figure 1(B)).

Amongst the eight monkeys immunized via the
intramuscular or oral route, one monkey developed
transient plasma viraemia of more than 100 CCID50/
ml after the initial immunization (Figure 2(B)). In
contrast, all immunized monkeys via the intranasal
route showed a lower plasma viraemia (less than 100
CCID50/ml) (Figure 2(B)).

Shortened faecal viral shedding in monkeys
after secondary immunization with the P35,
P50, P60, or P70 passage

Continuous faecal virus shedding occurred within 14
days after the initial immunization in all the groups.
There were two peaks post-first immunization on
days 7–8 and days 12–14 post-first immunization,
respectively (Figures 1(D) and 2(D)). Interestingly,
the duration of virus shedding post-second immuniz-
ation was shortened to 3 days in all passage groups;
however, the virus shedding, after secondary immu-
nization, was undetectable in the intramuscular

Figure 2. Immunization with K168-8Ac strain via three routes to elicit immune response of CV-A16. (A) The rectal temp-
erature of rhesus macaques immunized via three routes. Each monkey was daily monitored after primary immunization
(n = 4) and after secondary immunization (n = 2) (*P < .05). (B) Plasma viral load in immunized rhesus macaques via
three routes. Viral load within 14 days post- primary immunization (n = 8) and other time points (n = 4) is shown. (C)
CV-A16-specific neutralization antibody levels of the rhesus macaques immunized via three routes after primary immuniz-
ation (n = 8) and after secondary immunization (n = 4). (D) Viral shedding in stool collected from rhesus macaques via three
routes. Viral shedding within 14 days post-primary immunization (n = 8) and at other indicated time points (n = 4) is shown.
(E) Quantification analysis of five cytokines or chemokines in plasma from the rhesus macaques immunized via three routes.
Data were collected during 5–27 days after primary immunization (n = 8) and during 3–15 days after secondary
immunization (n = 4).
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Figure 3. Histopathological changes in the thalamus, spinal cord, lung, liver, and lymph nodes of rhesus macaques immunized
with K168-8Ac passages via three routes (200×). (A) Thalamus: vascular congestion in the choroid plexus of the thalamus following
P35 inoculation in the intramuscular or oral route group and perivascular lymphocyte cuffing in the local thalamic following P50
inoculation in the intramuscular or intranasal group and following P60 inoculation in the intramuscular group. (B) Spinal cord:
gliosis, individual phagocytosed neurons by microglia and perivascular lymphocyte cuffing in the lumbar section of the spinal
cord in the P35 in the intramuscular group; multiple glial nodules in the lumbar section of the spinal cord following P50 inocu-
lation in the intramuscular group and a vacuolated neuron in the lumbar section of the spinal cord following P70 inoculation in the
intranasal group. (C) Lungs: Thickening of the alveolar walls and very few inflammatory cells in the lungs following P35 inoculation
in the intramuscular group; enlargement of individual lymphoid follicles in the interstitium of the lungs following P35 inoculation
in the oral group and P50 inoculation in the intramuscular group; mild or moderate alveolar congestion following P50 inoculation
in the oral or intranasal group; and consolidation of individual alveolar cavity following P60 inoculation in the intranasal group and
congestion and oedema in local alveolar wall following P60 inoculation in the oral group and P70 in the intranasal group.(D) Liver:
A small amount of inflammatory cell infiltration in liver parenchyma following P35, P60 or P70 inoculation in the oral group and
infiltration of few inflammatory cells in liver parenchyma or hepatic portal area following P50 or P70 inoculation in the intramus-
cular group and P60 inoculation in the intranasal group. (E) Lymph nodes: Haemorrhagic perifollicular in pulmonary lymph nodes
following P35 inoculation in the intramuscular or intranasal group, haemorrhagic perifollicular in axilla lymph nodes following P35
or P70 inoculation in the intranasal group and P60 inoculation in the oral group, and haemorrhagic perifollicular in submandibular
lymph nodes following P35 inoculation in the intranasal group or P60 inoculation in the oral group. Scale bars, 100 µm.
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group. No significant difference was observed in the
peak value of virus shedding in these groups (P > .05).

Significantly enhanced plasma IL-8 levels in
monkeys after initial immunization with the
P35, P50, P60, or P70 passage

Except for IL-8, no statistically significant difference
was observed between the levels of IFN-γ, IL-4, IL-6,

and TNF-α before and after vaccination (Figures 1
(E) and 2(E)).

In the four passages, plasma levels of IL-8 were up-
regulated by 4.9–10.6 times in 50% (3/6) of the mon-
keys immunized with P35 on day 8 after initial immu-
nization compared with those at day 5 (P = .017), and
this increased by 8.4–15.6 times on day 14 after initial
immunization (Figure 1(E)). The IL-8 levels on day 14

Figure 4. Protective responses induced by K168-8Ac passages. (A) Changes in rectal temperature of immunized or unimmunized
rhesus macaques after being challenged. (B) Plasma viral load was quantified by qPCR in the immunized or unimmunized rhesus
macaques. (C) Faecal virus shedding was determined by qPCR in immunized or unimmunized rhesus macaques. (D) Levels of neu-
tralizing antibody after being challenged in immunized or unimmunized rhesus macaques. (E) Pathological changes of lung after
being challenged in immunized or unimmunized rhesus macaques (scale bars, 100 µm).
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after initial immunization with P50, P60, or P70 were
up-regulated in 100% (6/6) of the monkeys by 2.9–
24.1, 2.8–40.0, and 3.8–66.8 times, respectively (Figure
1(E)). Furthermore, the IL-8 levels in the P35 group
were significantly lower than that in the P60 group
(P = .019), whereas no statistical difference was
observed among the P50, P60, and P70 groups.

The levels of IL-8 increased by 2.8–66.9 times in
75% (6/8) of the monkeys inoculated via intramuscu-
lar injection on day 8 after the initial immunization
compared with those on day 5 (t =−3.424, P = .014)
(Figure 2(E)). Approximately 85% (6/7) of the mon-
keys that received intranasal inoculation exhibited
increase in the IL-8 levels by 3.8–24.1 times, while
oral administration resulted in up-regulation of the
IL-8 levels by 3.5–40.0 times (Figure 2(E)). There
was no significant difference in plasma IL-8 levels of
the monkeys that were inoculated via the three routes.

Varying degree of histopathological changes
on thalamus, spinal cord, lymph nodes, lung,
and liver tissues in monkeys inoculated with
P35, P50, P60, or P70 passage

On day 14 post-first immunization, one monkey in
each group was sacrificed for histopathological exam-
ination. As shown in Figure 3, vascular engorgement
in lateral ventricular choroid plexus and few glial
nodules or lymphocytic cuffs were observed in the tha-
lami of monkeys inoculated with P35, P50, or P60 via
three various routes (Figure 3(A)). Glial nodules were
also observed both in lumbar and cervical spinal cord
in the monkeys immunized with P35 or P70 via intra-
muscular or intranasal routes. Phagocytosis or vacuo-
lation of individual neurons was observed in
individual sections of spinal cord (Figure 3(B)). Con-
gestion around individual lymph follicles of alveolar,
axilla, or submaxillary lymph nodes was observed in
monkeys vaccinated with P35 virus by intramuscular
or intranasal route, or with P60 virus by oral or with
P70 virus by intranasal (Figure 3(E)). Of note, the
pathological images indicated obvious lung injury,
including alveolar wall thickening, haemorrhage, and
pulmonary oedema in most groups (Figure 3(C)). In
the liver, lymphocytic infiltrates were identified in
the portal areas or parenchyma (Figure 3(D)).

Stronger neutralizing antibody responses
induced by P35, P50, P60, or P70 passage
intramuscular route than through intranasal or
oral route

Immunization with only one dose of P35, P50, P60, or
P70 by intramuscular route induced high levels of
neutralizing antibody after two doses (Figure 1(C)).
However, intranasal or oral immunization was found
to be far less potent in inducing a neutralizing

antibody response (Figure 2(C), P<0.5). Considering
the lower limit of neutralizing assay detection (1:8)
as the positive threshold for the antibody response,
we found the positive rate of antibody in the intramus-
cular group on day 14 after first immunization was
75% (6/8), and the rates in the intranasal group and
in the oral group were 25% (2/8) each. By day 14
after secondary immunization, the intramuscular or
intranasal group displayed a significantly higher posi-
tive rate than the oral group (χ2 = 7.526, P = .01). No
statistically significant difference in antibody titres
was observed among P35, P50, P60, and P70 groups.

Partial protective effect induced by P35, P50,
P60, and P70 passage

Hands and feet of the non-vaccinated monkeys spor-
adically developed herpes after the challenge infection.
Swab samples of the blisters were found to be negative
for CV-A16 nucleic acid. No clinical signs of diseases
were observed in the vaccinated animals after
challenge.

Modest fever was observed in all the monkeys
(Figure 4(A)). One potential concern when using a
protective vaccine is the effective inhibition of virus
replication. In the current study, low plasma viraemia
(<2 Log CCID50/ml) was detected, as determined by
RT-qPCR, in both vaccinated and mock monkeys
(Figure 4(B)); hence, it was difficult to determine
any inhibitory effect.

Faecal viral shedding was daily monitored for 14
days after the challenge. It was first detected on day
1 after challenge in vaccinated monkeys, but was not
detectable at other time points (Figure 4(C)). In con-
trast, of these two controls, one (No. 25) showed the
prolonged duration of viral shedding, which contin-
ued for 8 days. The viral shedding amount in the vac-
cinated group ranged from 1.6 × 103 CCID50/g to 1.42
× 105 CCID50/g, while it peaked higher than 6.0× 105

CCID50/g in the mock monkeys. On day 12 after chal-
lenge, the animals were sacrificed for pathological
examination. The vaccinated group showed clear
and intact lung tissue structures, showing oedema or
thickening of the alveolar wall after challenge (Figure
4(E)), while pulmonary injury was exacerbated in the
mock monkeys, as indicated by pulmonary oedema,
congestion of alveolar, dilated alveolar spaces, and
alveolar wall rupture (Figure 4(E)). The CV-A16 neu-
tralizing antibody levels were monitored within 1–12
days after challenge. It was observed that the neutraliz-
ing antibodies were maintained at a high level in the
vaccinated group (Figure 4(D)), which were similar
to the levels before challenge. In contrast, a low-level
antibody response against CV-A16 was detected
(Figure 4(D)), as expected, in the mock group because
of the use of nasal and oral routes with a single dose in
the challenge experiments.

EMERGING MICROBES AND INFECTIONS 2143



Discussion

Currently, no CV-A16 vaccine candidates have
entered clinical trials. Although the earlier studies
have shown that the formalin-inactivated CV-A16
vaccine exerts protective effects in rodents [20], this
vaccine did not confer protection from infection in
rhesus macaques [21]. In addition, while studies on
other types of CV-A16 vaccines including VLP vac-
cines [22,23], multipeptide vaccines [24], and multi-
valent vaccines [25,26] have been carried out in
rodents, there is no study conducted in non-human
primates. To the best of our knowledge, this study
was the first attempt to explore the safety and
efficacy of a live attenuated CV-A16 vaccine candidate
developed by our group in a non-human primate.

Our results showed that the K168-8Ac strain eli-
cited a specific high-titre antibody response in the
immunized monkeys (Figure 1(C)). Interestingly, it
did not demonstrate highly potent protection against
the viral challenge (Figure 4(D)). Several studies
have reported that specific antibody response is sig-
nificantly effective in repelling small RNA viral infec-
tions [27]. We thus speculated the CV-A16-specific
antibodies, induced by this vaccine candidate, may
not be able to adequately perform their primary func-
tion in vivo. Two observations supported this specu-
lation. First, vaccine-induced specific antibodies have
a strong neutralizing ability in vitro, whereas this neu-
tralization capacity wanes in vivo (Figure 4E), thus
suggesting that these antibodies display a narrow spec-
trum of neutralizing activity. Second, although the
serum antibodies are usually in direct contact with
the “naked” virus in the in vitro neutralizing assay,
in vivo experiments, the viruses may not be “naked”.
It is reported that some specific non-enveloped
viruses, such as hepatitis A virus [28] and coxsackie-
virus B [29,30], can achieve cell-to-cell transmission
via a different non-lytic mechanism by integrating
into the host cell membrane to protect viruses from
antibody-mediated neutralization. Thus, we could
detect only few viruses in the plasma samples (Figures
1B and 4B).

Besides specific antibody responses, we also studied
cytokine and chemokine production profiles. We
found that plasma levels of IFN-γ, IL-4, IL-6, and
TNF-α showed no significant difference before and
after vaccination (Figures 1E and 2E). This obser-
vation was consistent with the findings of Wang [31]
in young rhesus monkeys, using live CV-A16 viruses.
Interestingly, a markedly elevated serum level of IL-8
at days 5–14 was observed, after first vaccination
with K168-8Ac (Figures 1E and 2E). Whole-genome
expression profiling analysis in rhesus monkeys
showed that IL-8 might be one of the key genes
involved in regulating immune defence and inflam-
mation in response to CV-A16 [32]. In other viral

infections, IL-8, an important chemokine, has been
shown to augment viral replication by counteracting
interferon-mediated antiviral activity [28,29]. It is
noteworthy that in our study, lung inflammation or
damage (Figures 3C and 4E) was accompanied by
increased IL-8 secretion, thus, suggesting a potential
correlation between them. Similar correlation has
been also found in other viral infections, such as por-
cine respiratory syndrome virus [21]. The up-regu-
lation of IL-8 may be induced by certain viral
proteins via endoplasmic reticulum stress [33]. In
addition, it has been reported that transcription fac-
tors such as nuclear factor kappa B and AP-1, or
TAK-1/JNK/AP-1 pathway may also be involved in
the up-regulation of IL-8 [34]. It would be interesting
to investigate the biological functions of IL-8 in CV-
A16 infection in future studies.

In this study, we identified four amino acid changes
among five passages of K168-8Ac strain prepared in
KMB17 cells and its parental strain prepared in Vero
cells. One of these variations was at the 141st position
within VP2 region converted Asn in P35 or P50 passage
to Asp in P60 or P70 passage. Xu et al. demonstrated
that VP2 epitopes (aa141–155) were immunodominant
between EV-A71 and CV-A16 [17]. In this study, we
further determined that a single mutation at aa141 (a
change from N to D) may not result in a differential
specific antibody response in vivo (Figure 1C), and
did not affect virus replication in a sensitive cell line
(Table 1). However, greater number of organs showed
pathological changes in monkeys immunized with
P35 or P50 viruses than with P60 or P70 viruses, and
more severe pathological damages were observed in
earlier passages. These observations suggest that the
candidate CV-A16 strain attenuates pathological altera-
tions, especially lung injuries, and thereby improves the
condition of the infected animals. However, further
investigations are required to determine whether the
substitution is responsible for the observed change in
the virulence phenotype.

In summary, a robust immune response and partial
protection against CV-A16, induced by a previous iso-
lated live attenuated strain, K168-8Ac, were demon-
strated in this study. These findings provide
additional evidence that live attenuated vaccine
could be a promising effective prophylactic strategy
against CV-A16. Certainly, several limitations to this
pilot study need to be acknowledged. First, the current
investigation could not determine the safe and most
effective passage of K168-8Ac strain owing to the lim-
ited number of monkeys, although the attenuation of
virulence in higher passages was observed. Second,
some important issues in the live attenuated vaccine
were not addressed in this study, for example, whether
this strain can induce protective mucosal immunity or
whether the excreted CV-A16 virus can be horizon-
tally transmitted.
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