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Abstract

Hantaviruses infection causing severe emerging diseases with high mortality rates in humans
has become public health concern globally. The potential roles of CD4*T cells in viral control
have been extensively studied. However, the contribution of CD4*T cells to the host response
against Hantaan virus (HTNV) infection remains unclear. Here, based on the T-cell epitopes
mapped on HTNV glycoprotein, we studied the effects and characteristics of CD4*T-cell re-
sponses in determining the outcome of hemorrhagic fever with renal syndrome. A total of 79
novel 15-mer T-cell epitopes on the HTNV glycoprotein were identified, among which 20 pep-
tides were dominant target epitopes. Importantly, we showed the presence of both effective
Th1 responses with polyfunctional cytokine secretion and ThGranzyme B* cell responses
with cytotoxic mediators production against HTNV infection. The HTNV glycoprotein-specific
CD4*T-cell responses inversely correlated with the plasma HTNV RNA load in patients. Indi-
viduals with milder disease outcomes showed broader epitopes targeted and stronger
CD4*T-cell responses against HTNV glycoproteins compared with more severe patients.
The CD4'T cells characterized by broader antigenic repertoire, stronger polyfunctional re-
sponses, better expansion capacity and highly differentiated effector memory phenotype
(CD27°CD28' CCR7'CD45RACD127™) would elicit greater defense against HTNV infection
and lead to much milder outcome of the disease. The host defense mediated by CD4*T cells
may through the inducing antiviral condition of the host cells and cytotoxic effect of ThGran-
zyme B* cells. Thus, these findings highlight the efforts of CD4*T-cell immunity to HTNV con-
trol and provide crucial information to better understand the immune defense against HTNV
infection.
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Author Summary

Hantaan virus (HTNV), the prototype of Hantavirus genus, is a rodent-borne pathogen
that causes human hemorrhagic fever with renal syndrome, with mortality rate of approxi-
mately 15% in Asia. The efforts of our immune system to defend against HTNV are im-
portant for clearance of the infection. However, the interaction between CD4 " T-cell
immunity and HTNV infection in humans is not known. Based on the novel T-cell epi-
topes we defined on HTNV glycoprotein in Chinese Han population, we confirmed that
HTNV glycoprotein could induce vigorous and extensive CD4 " T-cell response in humans.
For the first time, we showed that both Th1 and ThGranzyme B" cell responses involved
in defense against HTNV infection and inversely correlated with plasma viral load and dis-
ease outcome. Additionally, we found that CD4"T cells characterized by broader antigenic
repertoire, polyfunctional cytokine secretion, stronger expansion and highly differentiated
effector memory phenotype always lead to much milder outcome of the disease, maybe
through inducing antiviral condition of host cells and cytotoxic effect of ThGranzyme B*
cells. Our results add weight to the contribution of CD4 T cells in disease control after
HTNYV infection in humans, which may greatly advance the understanding about how
HTNV interact with their host organisms.

Introduction

During the past decade, hantaviruses, belonging to the Bunyaviridae family, have gained
worldwide attention as widespread emerging zoonotic pathogens [1-2]. Two clinical condi-
tions of human hantavirus infections have been recognized worldwide: 1) hemorrhagic fever
with renal syndrome (HFRS) primarily reflecting infections with Hantaan virus (HTNV) in
Asia, Dobrava and Puumala (PUUYV) viruses in Europe, and Seoul virus worldwide [3-4] and
2) hantavirus pulmonary syndrome (HPS) primarily reflecting infections with Sin Nombre
(SNV) and Andes (ANDV) viruses in North and South America, respectively [5]. Globally
hantaviruses might cause as many as 200,000 cases of human disease per year, of which more
than a half of the disease cases are fulminant HFRS [6]. A total of 100,868 cases were reported
during 2005-2012 in mainland China, where HFRS cases, primarily reflecting infections with
the prototype member HTNV strain, account for 90% of the total global cases, with a case-fa-
tality rate as high as 15% [7-9]. Moreover, the recent outbreak of HPS in Yosemite National
Park in California, USA, showed a higher case-fatality rate of approximately 37%, thereby rais-
ing the concerns of the World Health Organization [10]. Because of the high morbidity and
mortality, poorly understood disease pathogenesis, and potential use of pathogenic hantavi-
ruses as weapons for bioterrorism, the Biological Weapons Convention has classified these vi-
ruses as Category pathogens; therefore, better understanding the immune mechanism against
HTNV infection is of priority for global public health and safety.

The antigenicity of hantaviruses largely depends upon two structure proteins, nucleocapsid
protein (NP) and envelope glycoprotein. HTNV-NP has been demonstrated to be highly im-
munogenic and conservative, inducing vigorous cellular and humoral immune responses in
humans [11]. HTNV glycoprotein, heterodimers of mature glycoprotein Gn and Gc, is not
only responsible for receptor binding and membrane fusion, but also considered as the main
source of neutralizing antibody production [12-13]. T-cell immunity is a critical factor for pro-
tection from virus infections in humans. The T-cell epitopes on NP of hantaviruses and associ-
ated immune responses have been well-characterized [14-17]. We have previously identified
eight novel HTNV-NP cytotoxic T cell (CTL) epitopes with different HLA restrictions [18-19]
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and showed that HTNV-NP-specific T-cell responses might reduce the risk of progression to
acute renal failure [18,20]. Indeed, hantavirus Gn/Ge-specific T-cell responses have also been
observed. Several CD8"T-cell clones recognizing epitopes on Gn/Gce have been obtained from
the blood of HFRS patients infected with PUUV, ANDV or SNV [14,21-23]. Gn specific long-
lived effector memory T-cell responses might contribute to protective immunity in ANDV-in-
fected patients [22]. Similarly, protective immunity elicited through infection with recombi-
nant HTNV-Gn/Gc in murine models have also been demonstrated [24]. Therefore,
hantavirus Gn/Gc could also serve as a potent immunogen that induces T-cell responses. How-
ever, the T-cell epitopes on HTNV-Gn/Gc have not been identified, and the specific responses
to these immunogens remain largely unknown.

Recent studies have demonstrated that CD4 T cells are also essential for the effective clear-
ance of viral infections [25-26]. Virus-specific CD4"T cells are important for initiating and
maintaining immunity against most viruses through a variety of mechanisms. (1) The rapid
production and secretion of cytokines from CD4"T cells during a viral infection, which could
induce an antiviral state in the host, indirectly priming the CD8"T-cell response [27] and facili-
tating antigen-specific antibody production [28]. (2) Subsequently, CD4"T cells are required to
maintain and modulate effective CTL responses and neutralizing antibody [29] and develop
long-term memory B and CD8"T cells. (3) CD4"T cells can also mediate direct cytotoxicity
[29-30] and recruit innate or antigen-specific effector cells to the site of viral replication [31].
Enhancement of antiviral immunity through cytotoxic CD4"T cells has been proved [32]. The
cytotoxic CD4"CTLs may represent a distinct subset of effector cells defined by the absence of
the master regulator ThPOK [33]. Despite the importance of CD4"T cells during virus infec-
tion, CD4 " T-cell immunity towards hantaviruses remains limited. To date, little information
regarding the CD4"T-cell epitopes on the Gn/Gc of hantaviruses has been reported. Moreover,
the role of CD4™T cells in hantavirus clearance in humans remains unclear.

To investigate human CD4"T-cell immunity to HTNV, the T-cell epitopes on HTNV-Gn/
Gce and the specific CD4"T-cell responses were evaluated in a large cohort of HFRS patients
from Chinese Han population. Herein, we found that HTNV-Gn/Gc could induce vigorous
CD4"T-cell responses characterized by a broad antigenic repertoire, enhanced expansion, poly-
functional cytokine secretion and functional phenotypes with both T helper 1 (Th1) and
ThGranzyme B" (ThGzmB™) cell effects. Importantly, HTNV-Gn/Gc-specific CD4 "T-cell re-
sponses were obviously associated with viral control and clinical outcome. Thus, this study is
the first to reveal the properties of a primary, protective CD4 " T-cell immune response to
HTNYV infection in humans, providing a foundation for understanding host immune responses
to HTNV infections.

Results

Distribution of T-cell epitopes and the pattern of T-cell reactivity across
the HTNV glycoprotein

To examine the specific T-cell responses to HTNV-Gn/Gc in HERS patients, we first screened
the T-cell epitopes on HTNV-Gn/Gc. The majority of the participants in this cohort displayed
reactive T-cell responses against HTNV-Gn/Gc. Notably, 73.7% (70/95) of the HFRS individu-
als were responders recognizing at least 1 peptide pool. Among the 70 participants displaying
positive responses to HTNV-Gn/Gc, a median of 4 (range 1-11) target peptide pools were de-
tected in each HFRS individual, with a median spot magnitude of 609 (range, 95-4,911) spot-
forming cells (SFC)/10° peripheral blood mononuclear cells (PBMCs) against total peptide
pools. All peptide pools showed positive responses, among which four peptide pools (P5, P12,
P21 and P25) were frequently detected in more than 30% of the subjects, and 7 peptide pools
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Fig 1. Distribution of 15-mer T-cell epitopes and frequency of recognition over the HTNV-Gn/Gc full
sequence. Each bar represents a distinctive HTNV-Gn/Gc T-cell epitope, with the length of the bar indicating
the percentage of subjects targeting this epitope. Bars above the line correspond to responses at acute stage
in the cohort with mild or moderate infection (n = 31), and the bars below the line represent responses
detected in acute phase in persons with severe or critical infections (n = 39). The 20 epitopes with the start
amino acid number of each peptide indicated were defined as the immunodominant epitopes, which were
frequently recognized (>10% of the total positive responding subjects, n = 70) in the patients. aa, amino acid.

doi:10.1371/journal.ppat.1004788.9001

(P17 to P23) contained the most frequently identified HINV-Gn/Gc reactive T-cell peptides
eliciting the strongest responses (S1 Table). Next, we analyzed the positive responses at the sin-
gle peptide level to identify the T-cell epitopes on HTNV-Gn/Gc. Overall, the single peptide-

specific T-cell responses were widely distributed across the primary structure of HINV-Gn/
Ge. Approximately, 155 of the 281 peptides (55.2%) were recognized by at least one person,
and among these, 20 peptides were frequently targeted as the immunodominant epitopes in
more than 10% of HFRS individuals with diverse HLA backgrounds (Fig 1, Table 1). A median
of 6 peptides (range, 1-25) were targeted in a single individual, and the strength of some

Table 1. The immunodominant 15-mer T cell epitopes on the glycoprotein of Hantaan virus.

Peptides  Position Amino acid sequence Number of positively responding patients % (/70 patients)  Median of spots/10° PBMC
G6 aa21-35 NVYDMKIECPHTVSF 13 18.57 272
G7 aa25-39 MKIECPHTVSFGENS 11 15.71 271
G37 aal145-159 IVPIHACNMMKSCLI 9 12.86 183
G50 aa197-211 KHGIFDIASVHIVCF 9 12.86 253
G73 aa289-303  |IASYSIVGPANAKVP 11 15.71 145
G112 aa445-459  KTLVIGQCIYTITSL 10 14.29 366
G116 aa461-475  SLLPGVAHSIAVELC 8 11.43 304
G117 aa465-479  GVAHSIAVELCVPGF 8 11.43 331
G139 aab53-567  ETYKELKAHGVSCPQ 9 12.86 264
G185 aa737-751 GACTKYEYPWHTAKC 11 15.71 461
G186 aa741-755  KYEYPWHTAKCHYER 12 17.14 388
G196 aa781-795  GLYLDQLKPVGSAYK 11 15.71 156
G197 aa785-799  DQLKPVGSAYKIITI 10 14.29 212
G202 aa805-819  VCVQFGEENLCKIID 9 12.86 431
G205 aa817-831 IIDMNDCFVSRHVKV 9 12.86 102
G208 aa829-843  VKVCIIGTVSKFSQG 8 11.43 93
G209 aa833-847  IIGTVSKFSQGDTLL 8 11.43 95
G210 aa837-851 VSKFSQGDTLLFFGP 9 12.86 134
G241 aa%61-975  DFDNLGENPCKIGLQ 7 10.00 147
G242 aa%965-979  LGENPCKIGLQTSSI 14 20.00 230
doi:10.1371/journal.ppat.1004788.t001
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individual epitope-specific responses reached 1,546 SFC/10° PBMCs. Moreover, to identify a
more precise estimation of the epitope-specific T-cell responses, the distribution of ex vivo
CD4" and CD8"T-cell epitopes across the HTNV-Gn/Gce was defined in 25 positive response
HERS patients with sufficient PBMC samples (Fig 2). The detected responses to 28 15-mer
peptides were entirely CD4"T-cell dependent, indicating that these peptides were CD4 " T-cell
epitopes on HTNV-Gc/Gc. Whereas, the CD8"T-cell depletion completely abrogated the inter-
feron (IFN) -y responses in another 21 15-mer HTNV-Gc/Gc epitopes, confirming CD8"T
cells as the source of these epitope-specific responses, and these peptides might contain the 9
or 10-mer HTNV-Gc¢/Gce CTL epitopes. Moreover, we identified 30 additional peptides that
could induce both CD4" and CD8"T-cell responses against HTNV-Ge/Ge.

Comparison of the ex vivo T-cell responses against the HTNV
glycoprotein in HFRS individuals with different disease severities

After the ex vivo assessment of the T-cell responses against the HTNV-Gn/Gc, we divided the
HERS patients into two groups according to disease severity and compared their HTNV-Gn/
Ge-specific immune responses. Among the 90 patients examined, T-cell responses against
HTNV-Gn/Gc were detected in 31 of the 35 (88.6%) patients in the mild/moderate group com-
pared with 39 of the 55 (70.9%) in the severe/critical group (Fisher’s exact chi-square test,

P =0.068). Importantly, although the breadth and magnitude of the HTNV-Gn/Gc-specific T-
cell responses varied considerably among HFRS individuals, a comparison of the two groups
(31 mild/moderate and 39 severe/critical) revealed a total SFC count (the sum of all responses
to peptide pools), as an index of the total reactivity against HTNV-Gn/Gc, ranging from 135 to
4,911/10° PBMCs (median 881) for subjects in the mild/moderate group, was significantly
higher than that observed for patients in the severe/critical group, with values ranging from 95
to 2,370/10° PBMCs (median 500) (P = 0.0068) (Fig 3A). Although the broad distribution of
responses was similar in both groups, higher numbers of recognized HTNV-Gn/Gc peptides
were observed in the mild/moderate group (mean 10; range 1-25) compared with severe/criti-
cal patients, who showed a relatively narrower repertoire directed against a smaller number of
HTNV-Gn/Gc epitopes (mean 5; range 1-18) (P = 0.0010) (Fig 3B). We next analyzed the cor-
relation between magnitude and breadth of the response specific to HINV-Gn/Gc and found
there was a positive association between the number of epitopes recognized and the total SFC/
10° PBMCs of the T-cell responses specific to HTNV-Gn/Gc epitope pools in HFRS patients
(P<0.0001, r = 0.482) (Fig 3C). Moreover, when dividing the patients into four subgroups ac-
cording to the total SFC count (/ 10° PBMCs) including SFC 0-500, SFC 501-1000, SFC 1001-
2000 and SFC greater than 2000, the comparison of the recognized epitope number showed a
similar tendency that more epitopes are recognized in subjects with mild/moderate disease
than that in severe/critical patients in each subgroup, especially in the subgroup with SFC
0-500 (P = 0.007) (Fig 3D). Therefore, this higher reactivity, including broader and stronger T-
cell responses, was associated with mild rather than severe disease outcomes of HERS. Consis-
tent with the total T-cell response pattern against HTNV-Gn/Gc, a comparison of the re-
sponses targeting CD4" or CD8"T-cell epitopes in two groups of 25 HFRS patients (12 mild/
moderate and 13 severe/critical) showed similar results. A significant quantitative difference in
the magnitude of both CD4" and CD8"T-cell responses against each HTNV-Gn/Gc peptide
was observed between the two groups. The number of SFC/10° cells was higher in the mild/
moderate group (median 106, range 39-1,758 for CD4"T-cell responses and median 210, range
70-2,490 for CD8"T-cell responses) than that in severe/critical group (median 88, range 39-
253 for CD4"T-cell responses and median 134, range 40-738 for CD8"T-cell responses)
(P=0.027 and P = 0.032 for CD4" and CD8"T-cell responses, respectively) (Fig 3E-3F). In
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Fig 2. Summary of the T-cell responses to the HTNV-Gn/Gc epitopes in 25 positively responding patients. The column in the table represents the
number of each patient (n = 12 for mild/moderate and n = 13 for severe/critical patients). The line of the table represents the start position of 15-mer
HTNV-Gn/Gc T-cell epitopes (n = 79) identified in 25 patients. The definition of the epitopes was conducted with the samples from acute stage of each HFRS
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patient. Light gray boxes indicate positive CD4 responses. Black boxes indicate positive CD8 responses. Dark gray boxes represent positive responses to
both CD4* and CD8*T cells. Overall, 28 epitopes showed specific responses to CD4T cells, 21 15-mer peptides showed specific responses to CD8*T cells
and 30 15-mer peptides showed specific responses to both CD4* and CD8*T cells. aa, amino acid.

doi:10.1371/journal.ppat.1004788.9002

addition, although the difference was not statistically significant, we observed a wider breadth
of both CD4" and CD8"T-cell epitope responses in the mild/moderate group compared with
that in severe/critical patients. To avoid the overlaps between the moderate and severe patients
in all above comparisons, we separated the two combined groups into four clinical types as
mentioned in Materials and Methods. The comparisons between the mild and critical patients
showed similar results with the data between the mild/moderate and severe/critical patients
(S1 Fig). The difference in total SFC/10° PBMC of the recognized epitope pools between the
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(B) the number of single positive responding HTNV-Gn/Gc 15-mer T cell epitopes (y axis) at the acute stage between mild/moderate patients (n = 31) and
severe/critical patients (n = 39) (x-axis). (C) The correlation between the total magnitude of T-cell responses specific to HTNV-Gn/Gc peptide pools and the
number of HTNV-Gn/Gc T-cell epitopes recognized in HFRS patients. (D) Comparison of the recognized epitope number in four subgroups between mild/
moderate and severe/critical HFRS patients. The subgroups were divided based on the different magnitude of the specific T-cell responses, including total
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doi:10.1371/journal.ppat.1004788.9003
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two ends of the patients’ spectrum was more marked (P = 0.0012) than that between the two
combined groups (P = 0.0068). Collectively, HTNV-Gn/Gc could elicit robust T-cell immunity
with extended epitopic breadth of Gn/Gc specificity. However, in contrast to subjects with
mild/moderate HERS, the responses in patients with severe/critical severity showed narrower
antigenic repertoire and much weaker responses against HINV-Gn/Gg, indicating that
HTNV-Gn/Gce-specific T-cell responses would be functional against the HINV infection dur-
ing HFRS.

HTNV exposure results in cytokine production in polyfunctional
glycoprotein-specific CD4*T cells in HFRS patients

Given the importance of specific T-cell responses against the HTNV-Gn/Gc in controlling
HTNV infection, we further investigated the cytokine secretion in T cells from HFRS patients
after HTNV-Gn/Gec stimulation. At the acute phase of HFRS, HTNV-Gn/Ge-specific CD4™T
cells displayed increased cytokine production, predominantly characterized by the Th1 cyto-
kine profile upon recognition of the peptides. IFN-y was the primary cytokine produced (medi-
an 0.486%, range 0.019%-1.950% of total CD4"T cells). A high frequency of tumor necrosis
factor (TNF)-a-producing cells was also observed (median 0.372%, range 0.011%-1.800% of
total CD4™T cells). A few cells produced interleukin (IL)-2 (median 0.061%, range 0.013%-
0.355% of total CD4"T cells), whereas virtually IL-4-producing cells could also be detected
(median 1.011%, range 0.031%-3.870% of total CD4"T cells) (Figs 4A, S2, S3). Further analysis
revealed dual-cytokine production in HTNV-Gn/Ge-specific CD4 T cells. Subsets of IFN-y-
producing CD4"T cells simultaneously secreted IL-2 (median 0.079% of total CD4"T cells) or
TNF-o (median 0.723% of total CD4™T cells), indicating that specific CD4"T cells induced a
range of polyfunctional responses (T cells making at least 2 cytokines simultaneously) against
HTNV-Gn/Gc stimulation (Figs 4B, S2, S3). Next, we compared the cytokine secretion levels
in patients with different HFRS severities. Overall, the functions of the specific CD4"T cells
were almost impaired in severe/critical patients, while stronger CD4 " T-cell responses were ob-
served in patients with milder HFRS. HTNV-Gn/Gc peptides elicited substantially higher fre-
quencies of single IFN-y (median 0.746% of total CD4"T cells), IL-2 (median 0.172% of total
CDA4'T cells) and TNF-o. (median 0.868% of total CD4 T cells) or dual-cytokine (median
0.209% for IFN-y"IL-2"CD4"T cells and median 1.100% for IFN-y"TNF-0,"CD4"T cells) se-
cretion from specific CD4 T cells in mild/ moderate HFRS patients. In contrast, patients with
severe/critical HFRS showed less single cytokine IFN-y (median 0.351% of total CD4™T cells,
P<0.001), IL-2 (median 0.048% of total CD4"T cells, P = 0.023) and TNF-o. (median 0.150% of
total CD4™T cells, P = 0.005) or dual-cytokine (median 0.047% for IEN-y*IL-2"CD4"T cells,

P =0.015 and median 0.169% for IFN-y"TNF-o"CD4"T cells, P = 0.049) production. No sig-
nificant differences in IL-4 production were detected between patients with different severities
of infection (Fig 4C).

Notably, some CD4"T cells displayed adequate cytolytic capacity and appeared to be highly
functional, secreting cytolytic effectors, including granzyme B (median 2.120%, range 0.275%-
13.000% of total CD4"T cells) and perforin (median 0.899%, range 0.005%-5.560% of total
CDA'T cells); upregulated CD107a expression (median 0.527%, range 0.098%-6.230% of total
CDA4'T cells) was observed after recognition of the HTNV-Gn/Gc peptides (Figs 4D, $4, S5).
The simultaneous production of granzyme B and CD107a expression (median 0.608% of total
CD4™T cells) was also observed in subsets of CD4™T cells (Figs 4D, S4, S5). This important
finding is consistent with several previous studies, showing the cytolytic capacity of virus-spe-
cific CD4"T cells, defined as a new “ThGzmB™ cell” subset of CD4™T cells. Although the rapid
production of IFN-y or granules by T cells is important in defense against virus infections,
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Fig 4. The polyfunctional pattern of cytokine production of HTNV-Gn/Gc-specific CD4*T cells.
Representative flow cytometric plots of (A) cytokine (IFN-y, TNF-q, IL-2 and IL-4)-producing CD4™T cells in
PBMCs during early stage infections within 8 days after disease onset, (B) dual-cytokine production (IFN-
y*TNF-a* and IFN-y*IL-2*) of HTNV-Gn/Gc-specific CD4*T cells, (D) cytotoxic mediator (granzyme B and
perforin)-producing and CD107a-expressing CD4*T cells in PBMCs and granzyme B*CD107a* HTNV-Gn/
Gc-specific CD4T cells, (E) IFN-y*granzyme B* and IFN-y*perforin* cells of the HTNV-Gn/Gc-specific
CD4*T cells. FACS contour plots were gated on CD3" cells for the analysis of single intracellular cytokine and
gated on CD3*CD4* T cells for the analysis of dual intracellular-cytokine (percentages of double positive cells
are shown) frequency. The Upper lane in (A), (B), (D) and (E) shows the results after HTNV-Gn/Gc peptides
stimulation, and the lower lane shows the results without peptide stimulation. The numbers denote the
percentage of cells within the boxed regions. Comparison of the frequencies of (C) single cytokine (IFN-y,
TNF-a, IL-2 or IL-4) and dual-cytokine (IFN-y*TNF-a* or IFN-y*IL-2%)-producing CD4*T cells, (F) the cytotoxic
mediators (granzyme B and perforin) and the expression of CD107a or granzyme B*CD107a* cells of the
HTNV-Gn/Gc-specific CD4*T cells between the two groups with different severities. Each dark spotin (C)
and (F) represents a single mild/moderate patient and each circle represents a single severe/critical
individual. The Wilcoxon rank sum test was used for statistical evaluation; *P<0.05, **P<0.01, ns, not
significant. Gran B, granzyme B.

doi:10.1371/journal.ppat.1004788.9004

there seems to be few double IFN-y*granzyme B* or IFN-y"perforin® cells were visualized in
each CD4"T-cell population analyzed (Fig 4E). Similarly, obvious higher frequency of gran-
zyme B or CD107a expression was observed in the CD4"T cells from mild/moderate patients
(median 2.965% for granzyme B and 0.777% for CD107a of total CD4 T cells) compared with
severe/critical patients (median 1.795% for granzyme B and 0.469% for CD107a of total
CD4™T cells) (P = 0.035 for granzyme B and P = 0.015 for CD107a). We also observed a trend
towards higher levels of perforin"CD4 T cells in the mild/moderate group although this differ-
ence was not significant (P = 0.353) (Fig 4F).

The Th1 and ThGzmB™ cell responses against HTNV glycoprotein are
associated with the CTL response and level of viremia in HFRS patients

Next, we measured the relationships between the frequencies of IFN-y"CTLs and each Thl cy-
tokine-secreting CD4 " T-cell subset. As expected, the frequencies of IL-2*CD4", IFN-y"CD4"
or TNF-a."CD4"T-cell subsets were positively correlated with the frequency of IFN-y"CTLs
(P=0.018, r =0.523 for IL-2"CD4"T cells; P = 0.001, r = 0.673 for IFN-y"CD4"T cells;

P =0.007, r=0.581 for TNF-0."CD4"T cells) (Fig 5A). In addition, the frequency of the gran-
zyme B*CD4™T cells was also positively associated with the frequency of IFN-y"CTLs
(P=0.041, r = 0.460) (Fig 5A), suggesting that ThGzmB" cells are potential cytolytic effector
cell subsets against HTNV infection.

In a previous study, we showed that upon HTNV infection, the direct onset of viremia was
observed and higher levels of HTNV RNA load in the plasma of the HFRS patients was obvi-
ously correlated with much more severe HFRS, suggesting that the plasma HTNV RNA load
could be used as a prognostic marker and predictor of the disease severity in HFRS [34]. The
further analysis revealed highly significant associations between the higher frequencies of IFN-
vy "CD4™T cells or granzyme B'CD4"T cells and lower HTNV RNA load in the acute phase of
the HERS (P = 0.022, r = —0.510 for IFN-y"CD4"T cells and P = 0.044, r = —0.456 for granzyme
B"CDA4'T cells) (Fig 5B), indicating that higher levels of activated CD4"T cells against
HTNV-Gn/Gc during the initial phase of HFRS mediate the better control of HTNV viremia.
In addition, because the increased capillary permeability of the acute renal injury and thrombo-
cytopenia are hallmarks in the course of HFRS, the serum creatinine levels and the platelet
counts in HFRS patients typically provide a better prediction of disease severity [35]. Notably,
we observed inverse correlations between the frequency of IFN-y or granzyme B-secreting
CD4 T cells and the level of serum creatinine (P = 0.023, r = —0.505 for IFN-y"CD4"T cells
and P = 0.034, r = —0.477 for granzyme B*CD4"T cells) (Fig 5C), while positive correlations
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Fig 5. The correlations of HTNV-Gn/Gc-specific CD4*T-cell responses with CD8*T-cell immunity, viremia and clinical parameters. (A) Analysis ofthe
correlations between the frequency of CD4*IL-2*T cells, CD4*IFN-y*T cells, CD4*TNF-a*T cells, or CD4*granzyme B™T cells (x axis) and the percentage of
CD8*IFN-y*T cells (y axis) during the acute stage of HFRS. (B-D) Analysis of the relationship between the percentage of IFN-y or granzyme B-producing
CD4*T cells and the plasma HTNV RNA load (B), the serum creatinine levels (C), or platelets numbers (D) during acute HFRS. Each spot represents a single
patient. (E) Longitudinal assessment of the HTNV RNA load, serum creatinine and the frequency of HTNV-Gn/Gc-specific IFN-*CD4*T cells in
representative patients with moderate severity and representative patients with critical severity during the course of the disease. The line indicates the level
of IFN-*CD4"T cells, white bars indicate the serum creatinine levels, and the shaded areas show the plasma HTNV RNA load of the patients tested. The
Spearman’s rank test was used for statistical evaluation. Gran B, granzyme B.

doi:10.1371/journal.ppat.1004788.9g005

between the frequency of IFN-y or granzyme B-secreting CD4"T cells and the number of plate-
lets in HFRS patients (P = 0.036, r = 0.472 for IEN-y"CD4"T cells and P<0.001, r = 0.742 for
granzyme B*CD4™T cells) (Fig 5D).

To better assess the effect of viral control through HTNV-Gn/Gc-specific CD4"T cells in
HFRS patients, we carefully examined the kinetics of the frequency of IFN-y-secreting CD4™ T
cells, the plasma HTNV RNA load, and the serum creatinine levels during the course of HFRS
in patients with different disease severities. Consistent with previous studies, a rapid decrease
in the plasma viral load from the febrile to convalescence stage was observed in both mild/
moderate and severe/critical patients. This trend was coincident with a reduction in the fre-
quency of IFN-y secreting CD4"T cells and the levels of serum creatinine (Fig 5E). However,
the levels of these three parameters were distinct at the febrile stage in the two HFRS groups. In
mild/moderate patients, the frequency of IFN-y-secreting CD4"T cells was obviously higher
than that in severe/critical patients, whereas both the plasma viral load and serum creatinine
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levels in mild/moderate patients were lower compared with those in severe/critical patients at
the initial stage of HFRS (Fig 5E). This observation primarily reflects the potentially function
of antiviral effectors of HTNV-Gn/Ge-specific CD4"T cells at the acute stage of the disease,
which might be a key determinant of the level of virus replication and the extent of renal injury
in HERS. This finding was further highlighted in the analysis of the viral control of CD4"T
cells against HTNV infection.

The cytotoxic capacity of granzyme B-secreting HTNV glycoprotein-
specific CD4*T cells correlated with disease severity

We next set out to determine whether the granzyme B-secreting CD4"T cells could kill the
HTNV-Gn/Gc peptide pools-pulsed target cells. Firstly, ex vivo granzyme B enzyme-linked
immunospot (ELISPOT) assay showed that the HTNV-Gn/Gc epitope peptide pools could
stimulate CD4"T cells of HFRS patients to produce granzyme B with the average magnitude of
450 SFC/10° cells (range, 21-1,226) (S6 Fig, n = 11 for mild/moderate and severe/critical pa-
tients, respectively). The comparison between the two groups showed that the magnitude of
granzyme B-producing CD4"T-cell response was stronger in mild/moderate patients than that
in severe/critical individuals (median 712, range 215-1,226 SFC/10° cells for mild/moderate
group and median 131, range 21-872 SFC/10° cells for severe/critical group, P = 0.0181)

(Fig 6A). Second, the biological cytolytic function of CD4"T cells was determined by the cyto-
toxic assay, in which the CD4™T cells of HFRS patients could lyse HTNV-Gn/Gc peptides-
pulsed autologous or MHC class Il partial matched B lymphoblastic cell lines (B-LCLs) with
the average percentage of 22.63 (range, 10.92-45.93) at effector-to-target cell ratio of 200:1.
Moreover, we also observed that the percentages of cytotoxicity in mild/moderate group seems
to be higher than that in severe/critical group at effector-to-target cell ratio of 200:1

(P =0.0002), 100:1(P = 0.0002) and 50:1 (P = 0.0229) (Fig 6B). The cytotoxic capacity of each
patient was showed in S7 Fig (n = 7 for mild/moderate and n = 9 for severe/critical patients).
Collectively, these results suggested that ThGzmB™ cell subset might participate in the immune
response against HINV infection through the production of granzyme B and cell-mediated cy-
tolytic function during the early stages of the disease, defining a specific CD4"T cell functional
phenotype for HTNV control.

Ex vivo CD4"T-cell expansion against HTNV glycoprotein during the
acute phase predict the severity of HFRS

We next assessed whether the antivirus effect of CD4"T cells was dependent on the capacity of
expansion. The CFSE staining assay showed that HTNV-Gn/Gc-specific CD4"T-cell expansion
was readily detectable in HFRS individuals at the acute phase of the disease (representative in
Fig 7A and others in S8 and S9 Figs). However, a significant difference in the CD4"T-cell ex-
pansion to HTNV-Gn/Gc between two different groups was observed. The percentage of
CFSE®™ CD4"T cells in mild/moderate patients was higher than that in severe/critical patients
(Fig 7B, P = 0.0013), and the mean fluorescence intensity (MFI) of CFSEY™ CD4"T cells was
lower in milder patients than that in more severe HFRS individuals (Fig 7C, P = 0.0345). Mean-
while, the MFI of CESEY™ CD4"T cells was inversely associated with the percentage of CESE*™
CD4™T cells at acute phase of HFRS (Fig 7D, P = 0.0199, r = —0.5158). These data indicated that
milder disease severity was associated with more vigorous HTNV-Gn/Gce-specific CD4 " T-cell
expansion, whereas an impaired expansion capacity of HITNV-Gn/Gc-specific CD4™T cells was
shown in severe/critical patients. However, when stimulated with the polyclonal activator SBE
as control, both CD4" and CD8" T cells of the HFRS patients presented proliferative activity
with a large proportion of CFSEY™ cells (representative in Fig 7A and others in S9 Fig), which
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doi:10.1371/journal.ppat.1004788.9006

was obviously higher than that stimulated with HTNV-Gn/Gc peptides (S10 Fig, P = 0.0049 for
CD4™T cell and P = 0.0005 for CD8"T cell), suggesting that the impaired T-cell expansion in se-
vere/critical HFRS patients may be refractory to the specific HTNV-Gn/Gc stimulation, but not
susceptible to a systemic cell death after activation.

Because the effective cytokine-secreting CD4 " T-cell response plays an important role in the
control of HTNV viremia, we reasoned that the ex vivo CD4"T-cell expansion should also cor-
relate with the decreased HTNV RNA load. During the acute phase of the disease, the percent-
age of CFSE"™ CD4"T cells showed a significant inverse correlation with the maximum
plasma viral load in each HFRS patient (Fig 7E; P = 0.0435, r = —0.4556), suggesting that the ac-
quisition of proliferative potential and capacity might be an essential character for specific
CD4"T cells in protection from HTNV infection. Previous studies have demonstrated a strong
linkage between HTNV -specific CD8"T-cell expansion and the control of HTNV infection
[18]. Thus, when we analyzed the relationship of the proliferation between HINV-Gn/Gc-spe-
cific CD4* and CD8"T cells, both the percentage and the MFI of the CESE®™ cells showed an
expected positive correlations between CD4" and CD8T cells at the initial phase of infection
in HERS patients (Fig 7F-7G; P<0.0001, r = 0.8789 for MFI and P = 0.0002, r = 0.6051 for per-
centage). In fact, when we comparing the CD8"T cells for the difference of proliferation capaci-
ty in the two groups, we found that, similar with CD4"T cells, both the MFI and the percentage
of CESE*™ CDS8"T cells were higher in milder patients than that in more severe individuals
(S11 Fig, P = 0.0087 for percentage and P = 0.0454 for MFI). Taken together, these data dem-
onstrate a significant expansion of HTNV-Gn/Gec specific CD4™T cells during the acute phase
of HFRS, associated with the control of HTNV viremia in patients showing a milder degree of
disease severity.
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Fig 7. The expansion capacity of HTNV-Gn/Gc-specific CD4*T cells is associated with viremia control in HFRS patients. (A) Representative flow

cytometric plots of the expansion percentage of CD4* or CD8T cells stimulated by the HTNV-Gn/Gc or polyclonal activator SEB control during acute HFRS.
The expansion extent of the HTNV-Gn/Gc-specific CD4* or CD8*T cells is shown in the upper left quadrants of each figure, reflecting the decrease of CFSE
in the dividing CD4* or CD8*T cells. The numbers denote the percentage of cells within the boxed regions. The overlay of the three conditions in histograms
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clearly demonstrate that the CFSE curve of both CD4* and CD8*T cells from the SEB stimulation is shifted more to the right than that stimulated by the
HTNV-Gn/Gc. The upper and the lower lanes show the expansion capacities of the representative mild/moderate and severe/critical patient, respectively.
(B-C) Comparison of the percentage (B) and MFI (C) of CFSE®™ CD4*T cells stimulated by HTNV-Gn/Gc at the acute phase of HFRS between mild/
moderate and severe/critical patients. (D) Analysis of the correlation between the percentage and the MFI of CFSE®™ CD4*T cells. (E) Analysis of the
correlations between the percentage of CFSEY™ CD4*T cells and the plasma HTNV RNA load of HFRS. (F-G) The correlation of the MFI (F) or percentage
(G) between CFSE®™ CD4"T cells and CFSE®™ CD8*T cells stimulated by HTNV-Gn/Gc during acute HFRS. Each spot represents a single patient. The
Wilcoxon rank sum test and Spearman’s rank test were used for statistical evaluation. SEB, staphylococcal enterotoxin B; MFI, mean fluorescence intensity;
CFSE, carboxyfluorescein succinimidyl ester.

doi:10.1371/journal.ppat.1004788.9007

The phenotypic properties of effective HTNV glycoprotein-specific
CD4*T cells in peripheral blood of HFRS patients

To characterize the overall phenotype of HTNV-Gn/Gc-specific CD4™T cells, we first defined
the activation extent of CD4 T cells. After stimulation with HTNV-Gn/Gc-overlapping pep-
tide pools, the CD38 expression in circulating blood CD4™T cells was upregulated, peaking at
the febrile stage of HFRS (MFI 182) (Fig 8A). The maximal activity of HTNV-Gn/Gc-specific
CDA4'T cells at the febrile stage might reflect a rapid and prominent CD4"T-cell response
against HTNV infection after disease onset, prompting further examination of the phenotype
characteristics of efficient CD4"T cells.

We next determined the memory phenotype of HTNV-Gn/Gc-specific CD4 T cells in
HERS patients. To this end, the expression of CCR7, CD45RA and CD127 in responding
CD4"T cells was evaluated in patients with different severities. Effector memory (Tgp)
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CD4'T cells (CCR7"CD45RA") (median 49.2% of CD4"T cells) are typically observed in pa-
tients with mild/moderate HFRS, while the individuals with severe/critical disease were en-
riched for central memory (Tcp;) CD4™T cells (CCR7*CD45RA™) (median 50.2% of CD4™T
cells) (Fig 8B). There was no observable difference between the two groups in the levels of
naive (CCR7"CD45RA™) or transitional (CCR7 " CD45RA™) T cell populations. An analysis of
the formulation of the memory phenotype in responsive IFN-y or granzyme B-secreting
CDA4'T cells for the two patient samples revealed CCR7-CD45RA™CD4 " Ty cells as the pre-
dominant T cell subset (55.9% Tgys in IEN-y"CD4 T cells and 70.2% Tgys in granzyme
B*CD4"T cells) (Fig 8C). We also observed an abundant percentage of CD127"8" CD4"T cells
in mild/moderate patients, and these cell numbers were higher than those detected in severe/
critical HERS individuals (Fig 8E). Thus, these findings suggested that HTNV-Gn/Gc-specific
CD4"T cells exhibiting a CCR7 CD45RA"CD127"¢" effector memory phenotype might con-
tribute to the milder severity of HERS.

Next, these cells were examined for the expression of markers associated with T cell differ-
entiation and maturation. Fig 8D illustrates the CD4" differentiation populations delineated
according to the coexpression of CD27 and CD28 maturation markers in the peripheral blood
of HFRS patients. Although various proportions of differentiated subsets were observed within
the CD4"T-cell population in HFRS patients, the CD27-CD28highly differentiation subset
constituted the majority of the CD4 "T-cell population in mild/moderate patients (median
48.30% of CD4"T cells), while these cells were only a minor component of the HTNV-Gn/Gc-
specific CD4"T cells in severe/critical patients (median 6.94% of CD4"T cells, P = 0.004). In
contrast, patients with severe/critical HFRS exhibited a CD27"CD28" early differentiation phe-
notype (median 64.50% of CD4"T cells), and this effect was much higher than that in mild/
moderate patients (median 7.06% of CD4"T cells, P = 0.004). Thus, we speculated that patients
exhibiting an initial differentiated phenotype of HTNV-Gn/Gce-specific CD4"T cells during the
acute phase of the disease would be exposed to higher levels of HTNV replication, resulting in
more severe HFRS. In contrast, the CCR7and CD28 CD27™ phenotypes could represent fully
differentiated Tgy CD4"T cells in mild/moderate HFRS patients, potentially contributing to
the effective control of HTNV infections.

Moreover, we analyzed the expression of inhibitory receptors on HTNV-Gn/Ge-specific
CDA4'T cells, potentially representing another factor involved in CD4™T cell function against
HTNV infection. To this end, we assessed the expression of programmed cell death ligand 1
(PD-1) and CD57 in responding CD4"T cells during acute HTNV infection. A substantial frac-
tion of CD4"T cells expressed both PD-1 and CD57 early after symptom onset in the HFRS pa-
tients. As shown in Fig 8E, patients with severe/critical HFRS exhibited a significant PD-1"'8"
CD57"¢" phenotype (median 5.63% for PD-1 and 2.14% for CD57 in CD4"T cells) compared
with the PD-1'"" CD57'°" phenotype observed in mild/moderate patients (median 1.36% for
PD-1 and 0.44% for CD57 in CD4"T cells) (P = 0.004 for PD-1 and P = 0.032 for CD57), sug-
gesting that the increased expression of inhibitory receptors might be associated with CD4"T-
cell dysfunction or downregulation of the effector CD4"T-cell response against HTNV infec-
tion, leading to a more serious degree of HFRS.

Discussion

The host immune response is crucial for the control of viral infection through orchestrated ac-
tivities of different components of the immune system, among which, cellular immune re-
sponse greatly contributes to the outcome of virus infectious diseases. Studies of the cellular
immunological features of pathogenic HTNV infection provide insight into the understanding
of HFRS pathogenesis in humans. In this study, we provided, for the first time, that HTNV
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could induce both Th1 and ThGzmB" cell responses involving in the defense against HTNV
infection; we showed that HTNV-Gn/Ge-specific CD4 " T-cell immunity with broad reactivity,
polyfunctionality, expansion capacity, and effector phenotype, inversely correlated with plasma
viral load and the HFRS disease outcome; we further provided evidence that HTNV-Gn/Gc-
specific CD4"T cells mediated host defense against HTNV infection maybe through the Th1l
induced antiviral condition of the host cells and the cytotoxic effect of ThGzmB™ cells.

As only a few CTL epitopes have been defined on HTNV-Gn/Gc in HFRS patients, T-cell
epitope-based preventive HTNV vaccine studies could only benefit from a focus on previously
defined CTL epitopes on HTNV-NP. This limitation prompted a search for novel protective T-
cell epitopes on HTNV. In the present study, we first performed the systematic identification
of CD4" and CD8"T-cell epitopes on HTNV-Gn/Gc. The immunodominant regions on these
novel immune epitopes were subsequently analyzed and defined based on frequent observation
in a number of HFRS individuals of diverse HLA backgrounds. Notably, immunodominance
was precisely defined as the most frequently recognized epitope in a cohort of patients, with a
strong magnitude of response relative to the total response. Although these experiments did
not provide evidence that dominant HTNV-Gn/Gc-specific T cells kill or suppress virus-in-
fected cells more efficiently than subdominant T cells, the immunodominant region and epi-
topes might merit special attention for the potential development of a novel vaccines that
would generate or boost T-cell responses against HINV in humans.

Previous studies have suggested that NP are major targets of HTNV-specific CTL recogni-
tion in humans [14-15,17,23,36-37]. The present ex vivo study verified that Gn/Gec, as another
immunogenic protein of HTNV, could elicit specific CD4" and CD8" effector T-cell responses
and provide obvious protection against HTNV infection. Importantly, HTNV-Gn/Gc-specific
T-cell responses were not detected in 26.3% of HFRS patients. This result potentially reflects a
response level below the threshold of assay detection or protection through other immune re-
sponses, such as HTNV-specific neutralizing antibody [13,38]. In the 73.7% responding pa-
tients, a considerable variation in HTNV-Gn/Gc-specific T-cell epitope recognition patterns
was observed between different individuals, including the magnitude and breadth of the re-
sponses. Indeed, functional differences in specific T-cell responses for different HTNV-Gn/Gc
epitopes were observed, particularly because patients with mild/moderate HFRS always showed
stronger T-cell responses compared with severe/critical patients. Moreover, we also observed a
general wider breadth of T-cell epitope responses in the mild/moderate group compared with
that in severe/critical patients, although there is no statistical difference in the number of recog-
nized epitopes between milder and more severe patients in some subgroups with different total
SEC, which may be due to the small sample sizes after subdivision in each subgroup. The differ-
ential epitope recognition might reflect host genetic differences and exposure to region-specific
or unrelated pathogens [39]. Therefore, we speculated that the successful induction of T-cell re-
sponses with high magnitude and increased breadth in response to HTNV-Gn/Ge-specific T-
cell epitopes might be crucial for protection against HTNV infection, consistent with the fact
that HTNV-NP-specific CTLs are important for controlling viremia and disease progression in
HTNV infection [18,20]. Thus, the epitopes identified herein provide the foundation for an
evaluation of the role of HINV-Gn/Gc-specific T cells in protection from HTNV infections
in humans.

The main goal of this study was to determine how HTNV-Gn/Ge-specific T-cell responses
eliminate virus replication in HFRS patients. However, the lack of patient blood samples pre-
vented a detailed analysis of the 8 to 10-mer CTL epitopes and associated responses to
HTNV-Gn/Gec. Therefore, we focused on the potential mechanisms of CD4"T-cell responses
in controlling HTNV infections. The data showed that HTNV-Gn/Gc-specific CD4™T cells pri-
marily produce Th1 cytokines and specific cytotoxic mediators, suggesting that the high
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production of antiviral cytokines is a critical characteristic of effective T-cell immunity for the
suppression of virus replication and elimination of virus-infected host cells. Moreover,
HTNV-Gn/Ge-specific CD4"T cells also displayed a high degree of polyfunctionality, simulta-
neously secreting IFN-y, TNF-o or IL-2. IFN-y has been implicated in immune regulatory and
direct antiviral activities [40]. The rapid production of IFN-y and other cytokines are impor-
tant components of the T cell response against viral infections [41]. Therefore, the induction
these multifunctional Th1 populations might greatly enhance the anti-HTNV immunity, asso-
ciated with superior protection efficacy [42-43]. Notably, the production of Th1 cytokines is
directly correlated with the IFN-y-secreting CD8"T-cell response against HTNV-Gn/Gc,
strongly suggesting that there are robust cellular responses induced by acute HTNV infection.
The activities of Th1 cytokine-producing CD4"T cells may provide further benefits for expan-
sion or function of other effector cells. However, the solid helper function of CD4"T cells needs
to be investigated in the future study [29]. In addition to exhibiting adequate Th1 activities, a
proportion of CD4"T cells exhibit cytotoxicity in terms of granzyme B and perforin production
and the upregulation of CD107a expression upon recognition of HTNV-Gn/Ge. It has been
confirmed in several studies that some CD4"T cells with cytotoxic potential were specifically
induced at the site of infection during virus infection and implicated in the killing of virus-in-
tected cells [32-33,44-46], and the IL-2 signaling, low antigen dose, as well as OX40 and 4-1BB
stimulation may promote the development of CD4™T cells with cytotoxic potential [47-49].
The earlier research on SNV has demonstrated that the establishment of CD4"CTL clone
could lyse autologous target cells pulsed with nucleoprotein peptide [14]. Importantly, the cy-
tolytic capacity of HTNV-Gn/Ge-specific granzyme B-producing CD4"T cells in killing the
HTNV-Gn/Gc peptides pulsed autologous B-LCLs was also observed in our experiment, with
the stronger cytotoxicity percentage in much milder patients, indicating that HTNV-Gn/Gc-
specific effector CD4™T cells against HTNV infection in HFRS patients were comprised of
polyfunctional Th1 cells and cytotoxic ThGzmB™ cells. Although few IFN-y"granzyme B* dou-
ble positive cells was visualized in each CD4"T-cell population specific to HTNV-Gn/Gn,
which was similar with the findings reported in the study of Leishmania [50], many other stud-
ies showed the virus-specific IFN-y *CD4"T cells also expressed granzyme B or CD107a [51-
52]. Although some researchers considered the cell-mediated cytotoxic CD4 T cells as a func-
tional distinct “ThCTL” subset [32,53], it still can hardly consider that granzyme B is totally
lost from the IFN-y-secreting cells. In addition, the substantial protective effect of HTNV-Gn/
Ge-specific CD4™T cells is also demonstrated through the inverse correlation between cyto-
kine-producing CD4 T cells and the HTNV RNA load during the early phase of the disease or
the apparently higher cytokine production in mild/moderate patients compared with severe/
critical individuals. Furthermore, we observed CD4™T cell-mediated control of HTNV replica-
tion during early, but not late infection, as both IFN-y secretion from CD4"T cells and peak
HTNYV viremia were observed during the febrile stage, followed by a gradual decrease through-
out the follow-up period of the disease. Thus, the observed viremia kinetics likely reflects the
putative direct antiviral effect of cytokine-producing CD4"T cells.

Another important observation of this study is the marked increase in CD4"T-cell activa-
tion and proliferation soon after HINV infection in HFRS patients. First, the expansion of
HTNV-Gn/Ge-specific CD4"T cells during early stage HFRS is highly associated with disease
outcome. The lower percentage and higher MFI of the CESE®™ cells in both CD4* and CD8*T
cells always observed in the patients with more severe HFRS, indicating there may be deficient
proliferative capacity of T cells in severe/critical patients. Second, the levels of proliferating
HTNV-Gn/Ge-specific CD4T cells in circulation are directly correlated with the capacity of
HTNV-Gn/Ge-specific CD8"T-cell expansion and inversely correlated with plasma HTNV
viremia of the patients, suggesting that the proliferation of specific CD4"T cells in response to
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HTNV-Gn/Gc exert direct antiviral effects during HFRS. Importantly, the finding that poly-
clonal antibody stimulation induced great proliferative ability of T cells was stronger than the
poor capacity of expansion stimulated with HTNV-Gn/Gc peptides indicated that the decrease
of T-cell proliferation from the more ill individuals are refractory to HTNV-Gn/Gc, but not a
systematic deficit. We may partially find the reason for this antigen-specific decline in T-cell
proliferation from the different expression of inhibitory receptors on T cells during HTNV
infection.

Numerous studies have examined the role of PD-1, an ITIM-containing inhibitory receptor
expressed on activated T cells, and found that PD-1 on the cell cycle could lead to inhibition of
T-cell expansion [54-55]. In the present study, we demonstrated that HTNV infection might
differentially affect the expression of PD-1 on CD4 T cells. The upregulation of PD-1 expres-
sion on HTNV-Gn/Ge-specific CD4"T cells and the dysfunctional and senescent phenotype
(CD127"°CD57™) are more likely presented in patients with much severe HFRS. Notably,
CD57 expression on T lymphocytes has been recognized as a marker of in vitro replicative se-
nescence for measuring functional immune deficiency in patients with infectious diseases [56],
and the upregulation of inhibitory receptors on T cells is an important mechanism of T-cell
dysfunction during chronic viral infections [57]. Therefore, it is hypothesized that the higher
PD-1 expressing CD4 T cells may account for the impairment of T-cell proliferative in more
severe patients or lack of T-cell assistance during the earliest stages of infection, which deter-
mines whether CTL effectors develop into Ty cells conferring immune protection. However,
whether the ligands for PD-1 are highly expressed in HTNV-infected cells need to be further
studied.

Active lymphocytes in different subsets could express distinct panels of lymphocyte homing
receptors, reflecting differences in homing potential [58]. The early immune activation typical-
ly stimulates the production of critical Ty cells and maintains the levels of T-cell differentia-
tion and effector compartments [59]. Several studies have shown that naive T cells and Tcy
express CCR7, a lymph node homing receptor, for homing to secondary lymphoid organs, in
which these cells proliferate and rapidly differentiate into effector cells upon encountering cor-
responding virus antigen [60]. Whereas, the loss of CCR7 expression on Ty might generate a
tissue-homing phenotype, leading to effector cell function against viruses in peripheral tissues
[60-61]. Jang et al. recently showed that a predominant expansion of an activated HCV-specif-
ic CCR7 CTL could be observed in acute resolving HCV-infected patients, whereas HCV-spe-
cific CCR7" CTLs were consistently observed in patients with persistent infections [62-63]. In
particular, HFRS individuals with high plasma viral load during early stage might induce
CD4 " Ty cells to differentiate into Tgys cells to overcome viral replication, leading to de-
creased viremia, reduced Tcy cell numbers, and much milder disease outcomes. In contrast, a
partial defects or low differentiation leading to the dominant CD4*T ¢y subpopulation exhibit-
ing unsatisfactory control of the viral load upon the HTNV infection might be associated with
much severe HFRS. As IFN-y or granzyme B-producing CD4"T cells also showed Tgy; pheno-
types, it is tempting to hypothesize that CD4" Ty, cells lack CCR7 expression, which likely mi-
grate to peripheral sites in the body and exert antiviral activity through the production of
antiviral cytokines during the early phase of HTNV infection. Thus, the relative proportion of
HTNV-Gn/Ge-specific CD4"T cells characterized by the ability to function as fully differenti-
ated effectors (CD28"CD27"), acquisition of an effector tissue-homing membrane phenotype
(CD45RA™CCR?7") and expression of high levels of IFN-y or granzyme B, exhibit great effector
performance and might be principally involved in determining the disease outcome of HFRS.
These findings suggest that the CD4" Ty cell subset likely serve as major effector cells against
HTNV infection.
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Another intriguing finding is that the expression of CD127 is downregulated on CD4™T
cells in severe or critical patients. CD127 is known highly expressed on T cells and is consid-
ered as a marker for memory precursor CD8"T cells during viral infection [64]. Similar with
our finding, Shin et al. have reported that the percentage of hepatitis C virus-specific CD127"T
cells remained low in chimpanzees with chronically evolving hepatitis, indicating that the early
expression of CD127 on T cells could predict the outcome of acute infection [65]. Furthermore,
CD127 is the o chain of interleukin 7 receptor (IL-7Ra). IL-7 has been identified as a major ho-
meostatic cytokine for mature T cell and is produced at constitutive levels by stromal cells resi-
dent in various organs, as well as by thymic and intestinal epithelial cells and fibroblastic
reticular cells at T cell zone of lymph nodes [66-67]. It has been demonstrated that CD127 ex-
pression is downregulated from the cell surface upon IL-7 stimulation [68]. For example, in
HIV infection, systemic levels of IL-7 are increased, whereas the decreased expression of
CD127 is demonstrable on both CD4" and CD8"T cells [69-70]. Moreover, recent study on
HIV infection also showed that both IL-13 and IL-6 could decrease RNA levels and T-cell sur-
face expression of CD127, especially on CD4" T cells [71]. Based on this finding, we can specu-
late that the lower expression of CD127 on the CD4 T cells may be caused by the higher levels
of proinflammatory cytokines in much more severe HFRS patients, because that the significant
higher levels of IL-6 and IL-8 have been observed in more severe patients than in milder HFRS
cases [72]. However, whether the decreased expression of CD127 on CD4"T cells in more se-
vere patients is induced by the more IL-7 secretion during HERS needs to be investigated in
our future study.

The presence of T-cell response against HINV infection in HFRS patients but with different
clinical outcomes reveals that there may be a relationship between the role of cellular immune
response in controlling HTNV infection and the mechanisms of HITNV to inhibit this re-
sponse. The host-virus relationship is a dynamic process in which the virus tries to decrease its
visibility, whereas the host attempts to prevent and eradicate infection [73]. On the one hand,
vigorous CD4" and CD8"T-cell responses emerge in many acute virus infections. Similar with
our findings, the HCV clearance has been observed and correlated with specific CD4"T-cells
responses, and the early priming of the CD4"T-cell response is required for viral clearance
[74], suggesting that the stronger immune responses were necessary for control of the infection
better in the milder patients. On the other hand, virus infection also affects CD4 " T-cell re-
sponses. Recent findings showed that HCV is able to impair the cellular immune response by
developing escape mutations in T-cell epitope recognition sites and inducing specific CTL an-
ergy and deletion [75]. Besides, costimulatory molecules modulation, apoptosis induction and
chemokine regulation have also been confirmed as major mechanisms of HCV to inhibit im-
mune control [75]. Based on these, our finding that the higher expression of inhibitory mole-
cule PD-1 on CD4 T cells might be one of the mechanisms mediated by the HTNV to impair
the immune responses, which may lead to dysfunction of specific CD4"T-cell response and
much more severe disease. In fact, besides the functional CD4"T cells we detected in peripheral
blood of HERS patients, the CD4 T cells are also involved in localized immune responses in tis-
sue [76]. The pathogen activated endothelium could direct localized immune cell adherence
[77]. In PUUV-infected patients, the kidney biopsies showed interstitial infiltration of lympho-
cytes [78], and lung biopsies showed an increase in submucosal CD4" T cells [79]. Studies of
fatal HPS cases also revealed mononuclear cell infiltrates in pulmonary tissue consisting largely
of CD4" and CD8"T cells [80], indicating a local immune response in terms of activated T lym-
phocytes. Therefore, we could speculate that the much more effective T cells may be attracted
into the local tissues in more severe patients with higher viral loads, leading to a decreased
number of T cells in peripheral blood to fight against the virus infection, which may partial
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explain the correlation between the relative lower frequency of peripheral CD4 T cells and the
deficit function of the CD4"T cells in severe or critical patients.

In summary, HTNV-Gn/Gc could induce the specific CD4"T-cell response characterized by
a broader antigenic repertoire, stronger capacity of cytotoxicity and proliferation, higher fre-
quency of cytokine secretion and fully differentiated effector memory cell phenotype, and
would elicit greater defense against HTNV infection, likely through the induction of antiviral
conditions in host cells and the cell-mediated cytotoxic effects of ThGzmB" cells. These find-
ings provide insights into the mechanism of HTNV-Gn/Ge-specific CD4"T cells in developing
an efficient anti-HTNV response in HFRS patients, thereby increasing the current understand-
ing of the relationship between HTNV and the host immune system and evoking strong inter-
est for further studies of T-cell immunity in HTNV infection to guide the development of
future clinical therapies. However, some data we presented here are limited to the correlative
analysis. In future studies, we will try to sample the sites of HINV infection specifically and
use the CD4-depletion animal models to validate the indispensability of CD4"T-cell immunity
in protection from HTNV infection. Furthermore, whether CD4"T cells facilitate B cell differ-
entiation and antibody production, particularly neutralizing antibodies against HTNV infec-
tion should also be considered next.

Materials and Methods
Ethics statement

Written informed consent was obtained from each HFRS patient or their guardians under a
protocol approved by the Institutional Review Board of the Tangdu Hospital and the Fourth
Military Medical University. The research involving human materials was also approved by the
Ethical Review Board of the University, and the related information was used anonymously.

Participants

A total of 95 HFRS patients infected with HTNV were enrolled in the study at Department of In-
fectious Diseases at the Tangdu Hospital of the Fourth Military Medical University (Xi’an,
China). HTNV infection was confirmed via serological testing of immunoglobulin M (IgM) and
IgG in serum specimens. According to the diagnostic criteria from the Prevention and Treat-
ment Strategy of HFRS promulgated by the Ministry of Health, People’s Republic of China, the
patients were classified into four clinical types [20]. Mild HFRS was defined as mild renal failure
without an obvious oliguric stage and moderate for obvious symptoms of uremia, effusion (bul-
bar conjunctiva), hemorrhage (skin and mucous membrane), and renal failure with a typical oli-
guric stage. While patients with severe uremia, effusion (bulbar conjunctiva and either
peritoneum or pleura), hemorrhage (skin and mucous membrane), and renal failure with oli-
guria (urine output, 50-500 mL/day) for < 5 days or anuria (urine output, < 50 mL/day)

for < 2 days were defined as severe HFRS, and critical patients were considered as those

with > 1 of the following symptoms: refractory shock, visceral hemorrhage, heart failure, pulmo-
nary edema, brain edema, severe secondary infection, and severe renal failure with either oliguria
(urine output, 50-500 mL/day) for > 5 days, anuria (urine output, < 50 mL/day) for > 2 days,
or a blood urea nitrogen level of > 42.84 mmol/L. In this case, the number of patients with a se-
verity degree of mild, moderate, severe, and critical was 11, 24, 24 and 31, respectively. To ensure
the sample size in some statistical analyses, we combined the patients according to the disease se-
verity into mild/moderate and severe/critical groups for comparison. The patients with other
kidney diseases, diabetes, cardiovascular diseases, hematological diseases, autoimmune diseases,
viral hepatitis, and other liver diseases were excluded in this study. According to the clinical ob-
servation, the illness could be divided into five sequential stages: febrile, hypotensive, oliguric,
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diuretic, and convalescent. In general, samples were collected at 3—-6 days for the febrile or hypo-
tension stage, 7-12 days for the oliguric stage, 13-18 days for the diuretic stage and after 18 days
for the convalescent stage. The phase within 8 days from the fever onset to the early oliguric
stage was typically defined as acute or early phase of the disease. Moreover, eight healthy volun-
teers were enrolled, showing anti-HTNV negative or no HTNV risk factors, constituting the neg-
ative control group.

Sample collection

Peripheral blood samples at different stages of HFRS were collected from each patient during
hospitalization. The plasma samples of each patient were collected from heparinized whole
blood before the PBMCs isolation. PBMCs were isolated using a standard Ficoll-Hypaque
(Sigma-Aldrich, MO) density gradient centrifugation, and these cells were used in the follow-
ing assays. The values for the clinical parameters, including platelet counts and serum creati-
nine levels, were regularly recorded during the hospitalization of each patient.

Determination of plasma viral RNA

The Tagman RT-PCR assay to determine HTNV viral load was performed as previously de-
scribed [34]. Briefly, viral RNA was extracted from the plasma samples of HFRS patients and
the real-time RT-PCR assay was conducted. The primers and probe were designed based on
the sequence alignment of the S segment of the HTNV standard strain 76-118 (NC_005218)
and two hantaan virus strains, A16 (AF288646.1) and 84FLi (AY017064) obtained from
Shaanxi Province. The copies of HTNV viral RNA load were log-transformed to calculate the
viral load.

Synthesis of peptides

A total of 281 15-mer peptides over-lapping 11 amino acids spanning the entire 1132 amino
acid of Gn/Gc sequence of HTNV 76-118 strain (GenBank accession number: P08668.1), re-
ferred to as G1 to G281 according to the N- to C-terminal sequence, were synthesized (CL Bio-
scientific, Xi’an, China) and clustered into 28 pools of 10 contiguous peptides (pools 1-28,
pool 28 contained 11 peptides). Each pool covered a sequence of 51 amino acids, except pool
28, which covered sequences of 55 amino acids. All peptides were synthesized with greater
than 90% purity as determined through high-performance liquid chromatography and resus-
pended in a sterile DMSO phosphate-buffered saline (PBS) solution at 1 mM.

Ex vivo IFN-y and granzyme B enzyme-linked immunospot (ELISPOT)
assays

The identification of the HTNV-Gn/Gc specific T-cell epitopes was performed using the IFN-y
ELISPOT assay (Mabtech, Biiro Deutschland, Germany) as previously described [20]. Briefly, the
28 peptide pools were firstly used to stimulate the PBMCs of HFRS patients. Subsequently, the
positive response peptide pools were divided into single 15-mer peptides and used as stimuli in a
second round of ex vivo ELISPOT assays to identify the single-positive responsed 15-mer peptides.
The confirmed positive peptide was subsequently characterized through CD8 depletion of PBMCs
using anti-CD8-coated Dynal beads (Invitrogen Dynal AS, Oslo, Norway). CD8"T-cell-depleted
PBMCs were employed as effector cells for the recognition of CD4 " T-cell responsive 15-mer epi-
topes. For the frequency detection of the HTNV-Gn/Ge-specific granzyme B-secreting CD4*T
cells, the CD8T cell depleted-PBMCs were further removed CD56 "NK cells using APC labeled
anti-human CD56 (Miltenyi Biotec GmbH, Germany) together with anti-APC microbeads
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(Miltenyi Biotec GmbH, Germany) and then used in granzyme B ELISPOT assay (Mabtech, Biiro
Deutschland, Germany). PBMCs or the isolated cells were placed in the ELISPOT plates at 2 x 10°
cells/well and stimulated with peptide pools or single peptide at a final concentration of 10 uM.
Cells with phytohemagglutinin (PHA, 10 pg/mL, Sigma-Aldrich, St. Louis, MO) or no peptide
stimulation served as positive and background controls, respectively. For quantification of ex vivo
responses, the assay was duplicated. An automated ELISPOT reader (Cellular Technology Limit-
ed, USA) was used to count the spots. Adjusted spot-forming cells (SFC) after subtracting average
negative values expressed as SFC/10° PBMCs. The positive response was defined as at least 50
SFC/10° input cells, exceeding 3 times the background response after subtracting the number of
spots in the background controls from those in the stimulated samples. The SFC/10° PBMCs in
unstimulated control wells never exceeded 5 spots per well.

Intracellular cytokine staining and CD107a degranulation assay

Two million freshly isolated PBMCs from each HFRS patient were stimulated for 6h with
HTNV-Gn/Gc peptide pools (5 uM for each peptide) in the presence of 1 ug/ml costimulatory
molecules anti-CD49d (clone 9F10) and anti-CD28 (clone CD28.2) (Biolegend), as previously
described [18]. For the detection of degranulation responses to antigen stimulation, the anti-
body CD107a-PE (BD Pharmingen) was added to the wells during the stimulation. Cells stimu-
lated with phorbol myristate acetate (PMA, 0.1 pg/ml, Sigma-Aldrich, St. Louis, MO)-
ionomycin (0.05 pg/ml, Sigma-Aldrich, St. Louis, MO) or medium alone were used as positive
or negative controls, respectively. Brefeldin A (10 pg/ml; Sigma-Aldrich, St. Louis, MO) and
monensin (Golgistop, 0.7 pl/ml; BD Biosciences, San Jose, CA) were added to the culture and
incubated for 4 h. After washing, the PBMCs were stained with antibodies against the surface
markers, in different combinations, including CD3-PE,-APC, CD4-FITC,-PE, CD45RA-APC,
CCR7-PerCP-Cy5.5, CD127-FITC, CD27-FITC, CD28-PerCP-Cy5.5, CD38-PerCP-Cy5.5,
CD57-PE and CD279 (PD-1)- PerCP-Cy5.5 (BD Pharmingen) for 20 minutes at 4°C, followed
by washing, fixation and permeabilization with a permeabilization buffer (BD Biosciences, San
Jose, CA). The cells were subsequently stained with antibodies against intracellular markers, in-
cluding IFN-y-APC or-PE, TNF-o-PE, IL-4-PE, IL-2-FITC, granzyme B-FITC and perforin-
APC (BD Pharmingen), for 15 minutes at room temperature, followed by washing, and acqui-
sition using a FACSCalibur flow cytometer (Becton Dickinson). A total of 300,000 events per
sample from the lymphocyte gate were collected for each analysis.

Cell-mediated cytotoxicity assay

The CD4™T cells isolated with anti-CD4-coated Dynal beads (Invitrogen Dynal AS, Oslo, Nor-
way) from the PBMCs of the HERS patients were used as effector cells, and the Epstein Barr
Virus (EBV) transformed autologous B lymphoblastic cell line (B-LCL) or MHC class I partial
matched B-LCL of each patient pulsed with HTNV-Gn/Gc peptides were used as target cells. A
lactate dehy-drogenase (LDH) releasing Cyto Tox 96 nonradioactive cytotoxicity assay (Pro-
mega, Madison, WI, USA) was performed, as described in the manufacturer’s protocol. Briefly,
CD4"T cells were cocultured with 5x10° B-LCLs in a 96-well U-bottom cell culture plate at de-
clining effector-to-target cell ratios of 200:1, 100:1, 50:1, 20:1, 10:1 and 5:1. After a 4-hour incu-
bation, a 50uL supernatant of each well was transferred to a 96-well flat-bottom plate. Fifty
microliters of the substrate mixture was added to each well, followed by incubation at room
temperature for 30 minutes in the dark. Subsequently, 50uL of the stop solution was added to
each well, and absorbance was measured at 490 nm with ELISA reader (Bio-Rad, iMark, USA).
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Cytotoxicity was calculated using the following formula:

%Cytotoxicity =[(Experimental — Effector Spontaneous — Target Spontaneous)/(Target

Maximum — Target Spontaneous)] x 100

Ex vivo proliferation assay

The CFSE-labeled proliferation assay was performed as previously described [18]. Briefly,

2 x 10”/ml PBMCs were labeled with 10 uM 5, 6-carboxyfluorescein succinimidyl ester (CFSE,
Molecular Probes, OR) at 37°C for 15 min, terminated upon the addition of fetal bovine serum
and stimulated with HTNV-Gn/Gc peptide pools (5 uM). Staphylococcal enterotoxin B (SEB,
200 ng/ml, Sigma-Aldrich, MO, USA) or anti-human CD3 (Biolegend) stimulation of PBMCs
served as positive controls. After 2 days, 10% exogenous IL-2 was added. After 7 days, the cells
were harvested and stained with the CD3-PE or—APC (clone HIT3a), CD8-PerCP-Cy5.5
(clone RPA-T8) and CD4-APC or-PE (clone OKT4) mAbs (BD Pharmingen). Approximately
300,000 cells were acquired using a FACSCalibur (BD Immunocytometry Systems, California).

Flow cytometric analysis

Flow cytometric analysis was performed immediately with Flow]Jo version 9.2 (TreeStar). FITC-,
PE-, PerCP-Cy5.5- and APC-conjugated mouse IgG1, k were used as isotype controls of the 4-color
staining. Lymphocytes were defined as FSC/SSC, and CD4 T cells were defined as CD3"CD4"
events, displayed on an IFN-y versus other cytokines dot plot. IFN-y" or granzyme B cells were
further analyzed for expression of T-cell memory markers in a CCR7 versus CD45RA. Quadrant
gates were set for T cell memory and differentiation phenotype, where naive cells were defined as
CCR7"CD45RA", central memory cells were defined as CCR7"CD45RA", translational memory
cells were defined as CCR7"CD45RA", and effector memory cells were defined as CCR7"CD45RA™;
early, intermediate and highly differentiation cells were defined as CD27"CD28", CD27 CD28"
and CD27 CD28, respectively. The cytokine response was considered positive when the percentage
of cytokine was greater than 0.1% after background subtraction.

Statistical analysis

Statistical analyses and graphing were performed using SPSS 16.0 (SPSS Inc., Chicago, IL,
USA) and Prism software, version 5.0 (Graphpad; La Jolla, CA). The frequency of the CD4* T
cells and the cytokines secreted was presented as median and range values. The Wilcoxon rank
sum test was used for parameter comparison between the two subject groups. For the compari-
son of paired design groups, the Wilcoxon's signed rank test was applied. Spearman’s rank was
used as the nonparametric test for correlations between continuous variables. A two-tailed P
value below 0.05 (P < 0.05) was considered statistically significant.

Accession numbers

HTNYV 76-118 strain glycoprotein GenBank accession number: P08668.1; Hantaviruses used
in this study: HTNV strain 76-118 (NC_005218), HTNV strain A16 (AF288646.1) and HTNV
strain 84FLi (AY017064).

Supporting Information

S1 Table. T-cell responses to Hantaan virus glycoprotein peptide pools in hemorrhagic
fever with renal syndrome patients.
(DOCX)
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S1 Fig. Comparison of magnitude and breadth of HTNV-Gn/Gc-specific T-cell responses
between mild and critical patients. (A-B) Comparison of (A) the total magnitudes (y axis) of
ex vivo ELISPOT IFN-y T-cell responses to the overlapping peptide pools covering the
HTNV-Gn/Gec, and (B) the number of single positive responding HTNV-Gn/Gc 15-mer T-cell
epitopes (y axis) at the acute stage between mild (n = 10) and critical patients (n = 18) (x-axis).
Each spot represents a single patient. (C-D) Comparison of the magnitude of the epitope-spe-
cific responses (y-axis) of CD4" (C) or CD8'T cells (D) at the acute stage between mild and
critical patients (x-axis). Each spot represents a single epitope. The magnitude of the response
is represented as the spot-forming cells (SFC) /10° PBMCs. The Wilcoxon rank sum test was
used for statistical evaluation.

(TIF)

S2 Fig. The cytokine production of HTNV-Gn/Gc-specific CD4"T cells in mild or moderate
HERS patients. The flow cytometric plots of cytokine (IFN-y, TNF-a, IL-2 and IL-4) and
dual-cytokine (IFN-y"TNF-o" and IFN-y*IL-2")-producing HTNV-Gn/Gc-specific CD4"T
cells in PBMCs of each mild or moderate HERS patient during early stage infections within 8
days after disease onset. FACS contour plots were gated on CD3" cells for the analysis of single
intracellular cytokine and gated on CD3"CD4" T cells for the analysis of dual intracellular-cy-
tokine (percentages of double positive cells are shown) frequency. The numbers denote the per-
centage of cells within the boxed regions.

(TIF)

$3 Fig. The cytokine production of HINV-Gn/Gc-specific CD4"T cells in severe or critical
HEFRS patients. The flow cytometric plots of cytokine (IFN-y, TNF-o,, IL-2 and IL-4) and
dual-cytokine (IFN-y"TNF-o." and IFN-y*IL-2")-producing HTNV-Gn/Gc-specific CD4™T
cells in PBMC:s of each severe or critical HFRS patient during early stage infections within 8
days after disease onset. FACS contour plots were gated on CD3™ cells for the analysis of single
intracellular cytokine and gated on CD3"CD4" T cells for the analysis of dual intracellular-cy-
tokine (percentages of double positive cells are shown) frequency. The numbers denote the per-
centage of cells within the boxed regions.

(TIF)

$4 Fig. The cytotoxic mediators production of HTNV-Gn/Gc-specific CD4"T cells in mild
or moderate HFRS patients. The flow cytometric plots of cytotoxic mediator (granzyme B
and perforin)-producing and CD107a-expressing CD4"T cells in PBMCs and granzyme
B*CD107a" HTNV-Gn/Gc-specific CD4 T cells in each mild or moderate patient during early
stage infections. FACS contour plots were gated on CD3™ cells for the analysis of single media-
tor and gated on CD37CD4" T cells for the analysis of dual mediators (percentages of double
positive cells are shown) frequency. The numbers denote the percentage of cells within the
boxed regions. Gran B, granzyme B.

(TIF)

S5 Fig. The cytotoxic mediators production of HTNV-Gn/Gc-specific CD4'T cells in severe
or critical HFRS patients. The flow cytometric plots of cytotoxic mediator (granzyme B and
perforin)-producing and CD107a-expressing CD4"T cells in PBMCs and granzyme
B*CD107a" HTNV-Gn/Ge-specific CD4™T cells during early stage infections in each severe or
critical HFRS patient during early stage infections. FACS contour plots were gated on CD3™
cells for the analysis of single mediator and gated on CD3*CD4™" T cells for the analysis of dual
mediators (percentages of double positive cells are shown) frequency. The numbers denote the
percentage of cells within the boxed regions. Gran B, granzyme B.

(TIF)
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S6 Fig. The granzyme B production of HTNV-Gn/Gc-specific CD4"T cells in ELISPOT
assay. The CD8"T cells and CD56"NK cells depleted-PBMCs were used as effector cells in
each well stimulated by the HTNV-Gn/Gc peptide pools. phytohemagglutinin (PHA) or no
peptide stimulation served as positive and background controls, respectively. The left lanes (A)
present the mild/moderate HFRS patients (n = 11) and the right lanes (B) present the severe/
critical individuals (n = 11).

(TIF)

S7 Fig. The lysis kinetics of peptides-pulsed target cells by HTNV-Gn/Gc-specific CD4*T
cells in each patient. The left lanes present the mild/moderate HFRS patients (n = 7) and the
right lanes present the severe/critical individuals (n = 9). The CD4"T cells isolated from the
PBMC:s of the HFRS patients were used as effector cells, and the Epstein Barr Virus (EBV)
transformed autologous B lymphoblastic cell line (B-LCL) or MHC class Il partial matched
B-LCL of each patient pulsed with HTNV-Gn/Gc peptides were used as target cells. The effec-
tor-to-target ratios included 200:1, 100:1, 50:1, 20:1, 10:1 and 5:1. The dark spots and the circles
represent the lysis percentage of CD4"T cells to kill the HTNV-Gn/Gc peptides-pulsed target
cells in mild/moderate and severe/critical patients, respectively. The triangles represent the
lysis percentage of CD4"T cells from the patient to kill no peptide-pulsed target cells.

(TTF)

S8 Fig. The proliferation capacity of HTNV-Gn/Gc-specific T cells in each HFRS patient.
The flow cytometric plots of the expansion percentage of HTNV-Gn/Gc-specific CD4" or
CD8'T cells during acute HFRS in mild/moderate (left lanes) or severe/critical patients (right
lanes) (n = 10 respectively). The expansion extent of the HTNV-Gn/Gce-specific CD4" or
CD8'T cells is shown in the upper left quadrants of each figure, reflecting the decrease of CFSE
in the dividing CD4" or CD8"T cells. The numbers denote the percentage of cells within the
boxed regions.

(TIF)

S9 Fig. The expansion capacity of T cells stimulated by HTNV-Gn/Gc or SBE in HFRS pa-
tients. The flow cytometric plot of the expansion percentage of CD4" or CD8T cells stimulat-
ed by the HTNV-Gn/Gec or polyclonal activator SEB control during acute HFRS in each
patient. The expansion extent of the HTNV-Gn/Gc-specific CD4" or CD8"T cells is shown in
the upper left quadrants of each figure. The numbers denote the percentage of cells within the
boxed regions. The overlay of the three conditions in histograms showed that the CFSE curve
of both CD4" and CD8"T cells from the SEB stimulation is shifted more to the right than that
stimulated by the HTNV-Gn/Gc.

(TTF)

$10 Fig. Comparison of the expansion capacity of T cells between the HTNV-Gn/Gc stimu-
lation and SEB control. The percentages of CFSEY™ CD4" (A) or CD8" (B) T cells at acute
stage of HFRS were compared between HTNV-Gn/Gc stimulation group and polyclonal acti-
vator SEB control group. Wilcoxon's signed rank test was used for statistical evaluation.

(TTF)

S11 Fig. Comparison of the CD8"T-cell expansion capacity between the two groups of
HERS patients. Comparison of the percentage (A) and MFI (B) of CFSEY™ CD8T cells stim-
ulated by HTNV-Gn/Gc at the acute phase of HFRS between mild/moderate and severe/critical
patients. The Wilcoxon rank sum test was used for statistical evaluation.

(TIF)

PLOS Pathogens | DOI:10.1371/journal.ppat.1004788  April 2, 2015 26/31


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004788.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004788.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004788.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004788.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004788.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004788.s012

@’PLOS | PATHOGENS

Th1 and ThGranzyme B* Cell Inmunity against Hantaan Virus

Acknowledgments

The authors would like to thank the volunteers who generously participated in this study. We
are grateful to the anonymous reviewers for helpful comments, valuable suggestions and criti-
cally review of the manuscript.

Author Contributions

Conceived and designed the experiments: B] YM RZ YunZ. Performed the experiments: YM
BY YusZ BL CZ. Analyzed the data: YM BY RZ BJ YunZ. Contributed reagents/materials/anal-
ysis tools: YusZ BL CZ HY JY. Wrote the paper: YM BY RZ BJ AY.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Vaheri A, Strandin T, Hepojoki J, Sironen T, Henttonen H, et al. (2013) Uncovering the mysteries of
hantavirus infections. Nat Rev Microbiol 11:539-550. PMID: 24020072

Nichol ST, Arikawa J, Kawaoka Y (2000) Emerging viral diseases. Proc Natl Acad SciU S A 97:
12411-12412. PMID: 11035785

Krautkramer E, Zeier M, Plyusnin A (2013) Hantavirus infection: an emerging infectious disease caus-
ing acute renal failure. Kidney Int 83: 23-27. doi: 10.1038/ki.2012.360 PMID: 23151954

Vaheri A, Henttonen H, Voutilainen L, Mustonen J, Sironen T, et al. (2013) Hantavirus infections in Eu-
rope and their impact on public health. Rev Med Virol 23: 35-49. doi: 10.1002/rmv.1722 PMID:
22761056

Macneil A, Nichol ST, Spiropoulou CF (2011) Hantavirus pulmonary syndrome. Virus Res 162: 138—
147. doi: 10.1016/j.virusres.2011.09.017 PMID: 21945215

Watson DC, Sargianou M, Papa A, Chra P, Starakis |, et al. (2014) Epidemiology of Hantavirus infec-
tions in humans: a comprehensive, global overview. Crit Rev Microbiol 40: 261-272. doi: 10.3109/
1040841X.2013.783555 PMID: 23607444

Yan L, Fang LQ, Huang HG, Zhang LQ, Feng D, et al. (2007) Landscape elements and Hantaan virus-
related hemorrhagic fever with renal syndrome, People's Republic of China. Emerg Infect Dis 13:
1301-1306. doi: 10.3201/eid1309.061481 PMID: 18252099

Zhang YZ, Zou Y, Fu ZF, Plyusnin A (2010) Hantavirus infections in humans and animals, China.
Emerg Infect Dis 16: 1195—-1203. doi: 10.3201/eid1608.090470 PMID: 20678311

Zhang WY, Wang LY, Liu YX, Yin WW, Hu WB, et al. (2014) Spatiotemporal transmission dynamics of
hemorrhagic fever with renal syndrome in China, 2005-2012. PLoS Negl Trop Dis 8: €3344. doi: 10.
1371/journal.pntd.0003344 PMID: 25412324

(2012) Hantavirus pulmonary syndrome in visitors to a national park—Yosemite Valley, California,
2012. MMWR Morb Mortal Wkly Rep 61: 952. PMID: 23169317

Zeier M, Handermann M, Bahr U, Rensch B, Muller S, et al. (2005) New ecological aspects of hantavi-
rus infection: a change of a paradigm and a challenge of prevention—a review. Virus Genes 30: 157—
180. PMID: 15744574

Yan G, Zhang Y,MaY, YiJ, Liu B, et al. (2012) Identification of a novel B-cell epitope of Hantaan virus
glycoprotein recognized by neutralizing 3D8 monoclonal antibody. J Gen Virol 93: 2595-2600. doi: 10.
1099/vir.0.045302-0 PMID: 22933664

Liang M, Mahler M, Koch J, Ji Y, Li D, et al. (2003) Generation of an HFRS patient-derived neutralizing
recombinant antibody to Hantaan virus G1 protein and definition of the neutralizing domain. J Med Virol
69: 99-107. PMID: 12436484

Ennis FA, Cruz J, Spiropoulou CF, Waite D, Peters CJ, et al. (1997) Hantavirus pulmonary syndrome:
CD8+ and CD4+ cytotoxic T lymphocytes to epitopes on Sin Nombre virus nucleocapsid protein isolat-
ed during acute iliness. Virology 238: 380-390. PMID: 9400611

Van Epps HL, Schmaljohn CS, Ennis FA (1999) Human memory cytotoxic T-lymphocyte (CTL) re-
sponses to Hantaan virus infection: identification of virus-specific and cross-reactive CD8(+) CTL epi-
topes on nucleocapsid protein. J Virol 73: 5301-5308. PMID: 10364276

Lee KY, Chun E, Kim NY, Seong BL (2002) Characterization of HLA-A2.1-restricted epitopes, con-
served in both Hantaan and Sin Nombre viruses, in Hantaan virus-infected patients. J Gen Virol 83:
1131-1136. PMID: 11961268

Van Epps HL, Terajima M, Mustonen J, Arstila TP, Corey EA, et al. (2002) Long-lived memory T lym-
phocyte responses after hantavirus infection. J Exp Med 196: 579-588. PMID: 12208874

PLOS Pathogens | DOI:10.1371/journal.ppat.1004788  April 2, 2015 27 /31


http://www.ncbi.nlm.nih.gov/pubmed/24020072
http://www.ncbi.nlm.nih.gov/pubmed/11035785
http://dx.doi.org/10.1038/ki.2012.360
http://www.ncbi.nlm.nih.gov/pubmed/23151954
http://dx.doi.org/10.1002/rmv.1722
http://www.ncbi.nlm.nih.gov/pubmed/22761056
http://dx.doi.org/10.1016/j.virusres.2011.09.017
http://www.ncbi.nlm.nih.gov/pubmed/21945215
http://dx.doi.org/10.3109/1040841X.2013.783555
http://dx.doi.org/10.3109/1040841X.2013.783555
http://www.ncbi.nlm.nih.gov/pubmed/23607444
http://dx.doi.org/10.3201/eid1309.061481
http://www.ncbi.nlm.nih.gov/pubmed/18252099
http://dx.doi.org/10.3201/eid1608.090470
http://www.ncbi.nlm.nih.gov/pubmed/20678311
http://dx.doi.org/10.1371/journal.pntd.0003344
http://dx.doi.org/10.1371/journal.pntd.0003344
http://www.ncbi.nlm.nih.gov/pubmed/25412324
http://www.ncbi.nlm.nih.gov/pubmed/23169317
http://www.ncbi.nlm.nih.gov/pubmed/15744574
http://dx.doi.org/10.1099/vir.0.045302-0
http://dx.doi.org/10.1099/vir.0.045302-0
http://www.ncbi.nlm.nih.gov/pubmed/22933664
http://www.ncbi.nlm.nih.gov/pubmed/12436484
http://www.ncbi.nlm.nih.gov/pubmed/9400611
http://www.ncbi.nlm.nih.gov/pubmed/10364276
http://www.ncbi.nlm.nih.gov/pubmed/11961268
http://www.ncbi.nlm.nih.gov/pubmed/12208874

@’PLOS | PATHOGENS

Th1 and ThGranzyme B* Cell Inmunity against Hantaan Virus

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

MaY, Wang J, Yuan B, Wang M, Zhang Y, et al. (2013) HLA-A2 and B35 restricted hantaan virus nucle-
oprotein CD8+ T-cell epitope-specific immune response correlates with milder disease in hemorrhagic
fever with renal syndrome. PLoS Negl Trop Dis 7: e2076. doi: 10.1371/journal.pntd.0002076 PMID:
23469304

Wang M, Zhu 'Y, Wang J, Lv T, Jin B (2011) Identification of three novel CTL epitopes within nucleocap-
sid protein of Hantaan virus. Viral Immunol 24: 449-454. doi: 10.1089/vim.2011.0026 PMID: 22111596

Wang M, Wang J, Zhu Y, Xu Z, Yang K, et al. (2009) Cellularimmune response to Hantaan virus nucle-
ocapsid protein in the acute phase of hemorrhagic fever with renal syndrome: correlation with disease
severity. J Infect Dis 199: 188—195. doi: 10.1086/595834 PMID: 19072554

Terajima M, Van Epps HL, Li D, Leporati AM, Juhlin SE, et al. (2002) Generation of recombinant vaccin-
ia viruses expressing Puumala virus proteins and use in isolating cytotoxic T cells specific for Puumala
virus. Virus Res 84: 67-77. PMID: 11900840

Manigold T, Mori A, Graumann R, Llop E, Simon V, et al. (2010) Highly differentiated, resting gn-specif-
ic memory CD8+ T cells persist years after infection by andes hantavirus. PLoS Pathog 6: e1000779.
doi: 10.1371/journal.ppat.1000779 PMID: 20174562

Kilpatrick ED, Terajima M, Koster FT, Catalina MD, Cruz J, et al. (2004) Role of specific CD8+ T cells in
the severity of a fulminant zoonotic viral hemorrhagic fever, hantavirus pulmonary syndrome. J Immunol
172: 3297-3304. PMID: 14978138

Yul,Bai W, Wu X, Zhang L, Li P, et al. (2013) A recombinant pseudotyped lentivirus expressing the en-
velope glycoprotein of hantaan virus induced protective immunity in mice. Virol J 10: 301. doi: 10.1186/
1743-422X-10-301 PMID: 24093752

Ranasinghe S, Flanders M, Cutler S, Soghoian DZ, Ghebremichael M, et al. (2012) HIV-specific CD4 T
cell responses to different viral proteins have discordant associations with viral load and clinical out-
come. J Virol 86:277-283. doi: 10.1128/JVI1.05577-11 PMID: 22031937

Sant AJ, McMichael A (2012) Revealing the role of CD4(+) T cells in viral immunity. J Exp Med 209:
1391-1395. doi: 10.1084/jem.20121517 PMID: 22851641

Castellino F, Huang AY, Altan-Bonnet G, Stoll S, Scheinecker C, et al. (2006) Chemokines enhance im-
munity by guiding naive CD8+ T cells to sites of CD4+ T cell-dendritic cell interaction. Nature 440:
890-895. PMID: 16612374

King C (2011) A fine romance: T follicular helper cells and B cells. Immunity 34: 827-829. doi: 10.1016/
j-immuni.2011.06.007 PMID: 21703537

Wiesel M, Oxenius A (2012) From crucial to negligible: functional CD8(+) T-cell responses and their de-
pendence on CD4(+) T-cell help. Eur J Immunol 42: 1080—1088. doi: 10.1002/eji.201142205 PMID:
22539281

Workman AM, Jacobs AK, Vogel AJ, Condon S, Brown DM (2014) Inflammation enhances IL-2 driven
differentiation of cytolytic CD4 T cells. PLoS One 9: €89010. doi: 10.1371/journal.pone.0089010 PMID:
24586481

Strutt TM, McKinstry KK, Dibble JP, Winchell C, Kuang Y, et al. (2010) Memory CD4+ T cells induce in-
nate responses independently of pathogen. Nat Med 16: 558-564, 551p following 564. doi: 10.1038/
nm.2142 PMID: 20436484

Marshall NB, Swain SL (2011) Cytotoxic CD4 T cells in antiviral immunity. J Biomed Biotechnol 2011:
954602. doi: 10.1155/2011/954602 PMID: 22174559

Mucida D, Husain MM, Muroi S, van Wijk F, Shinnakasu R, et al. (2013) Transcriptional reprogramming
of mature CD4(+) helper T cells generates distinct MHC class Il-restricted cytotoxic T lymphocytes. Nat
Immunol 14:281-289. doi: 10.1038/ni.2523 PMID: 23334788

Yid, Xu Z, Zhuang R, Wang J, Zhang Y, et al. (2013) Hantaan virus RNA load in patients having hemor-
rhagic fever with renal syndrome: correlation with disease severity. J Infect Dis 207: 1457—1461. doi:
10.1093/infdis/jis475 PMID: 22869912

Wang M, Wang J, Wang T, Li J, Hui L, et al. (2013) Thrombocytopenia as a predictor of severe acute
kidney injury in patients with Hantaan virus infections. PLoS One 8: €53236. doi: 10.1371/journal.
pone.0053236 PMID: 23301047

Tuuminen T, Kekalainen E, Makela S, Ala-Houhala |, Ennis FA, et al. (2007) Human CD8+ T cell mem-
ory generation in Puumala hantavirus infection occurs after the acute phase and is associated with
boosting of EBV-specific CD8+ memory T cells. J Immunol 179: 1988-1995. PMID: 17641066

Wang PZ, Huang CX, Zhang Y, Li ZD, Yo HT, et al. (2009) Analysis of the immune response to Hantaan
virus nucleocapsid protein C-terminal-specific CD8(+) T cells in patients with hemorrhagic fever with
renal syndrome. Viral Immunol 22: 253-260. doi: 10.1089/vim.2008.0097 PMID: 19594396

PLOS Pathogens | DOI:10.1371/journal.ppat.1004788  April 2, 2015 28/31


http://dx.doi.org/10.1371/journal.pntd.0002076
http://www.ncbi.nlm.nih.gov/pubmed/23469304
http://dx.doi.org/10.1089/vim.2011.0026
http://www.ncbi.nlm.nih.gov/pubmed/22111596
http://dx.doi.org/10.1086/595834
http://www.ncbi.nlm.nih.gov/pubmed/19072554
http://www.ncbi.nlm.nih.gov/pubmed/11900840
http://dx.doi.org/10.1371/journal.ppat.1000779
http://www.ncbi.nlm.nih.gov/pubmed/20174562
http://www.ncbi.nlm.nih.gov/pubmed/14978138
http://dx.doi.org/10.1186/1743-422X-10-301
http://dx.doi.org/10.1186/1743-422X-10-301
http://www.ncbi.nlm.nih.gov/pubmed/24093752
http://dx.doi.org/10.1128/JVI.05577-11
http://www.ncbi.nlm.nih.gov/pubmed/22031937
http://dx.doi.org/10.1084/jem.20121517
http://www.ncbi.nlm.nih.gov/pubmed/22851641
http://www.ncbi.nlm.nih.gov/pubmed/16612374
http://dx.doi.org/10.1016/j.immuni.2011.06.007
http://dx.doi.org/10.1016/j.immuni.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21703537
http://dx.doi.org/10.1002/eji.201142205
http://www.ncbi.nlm.nih.gov/pubmed/22539281
http://dx.doi.org/10.1371/journal.pone.0089010
http://www.ncbi.nlm.nih.gov/pubmed/24586481
http://dx.doi.org/10.1038/nm.2142
http://dx.doi.org/10.1038/nm.2142
http://www.ncbi.nlm.nih.gov/pubmed/20436484
http://dx.doi.org/10.1155/2011/954602
http://www.ncbi.nlm.nih.gov/pubmed/22174559
http://dx.doi.org/10.1038/ni.2523
http://www.ncbi.nlm.nih.gov/pubmed/23334788
http://dx.doi.org/10.1093/infdis/jis475
http://www.ncbi.nlm.nih.gov/pubmed/22869912
http://dx.doi.org/10.1371/journal.pone.0053236
http://dx.doi.org/10.1371/journal.pone.0053236
http://www.ncbi.nlm.nih.gov/pubmed/23301047
http://www.ncbi.nlm.nih.gov/pubmed/17641066
http://dx.doi.org/10.1089/vim.2008.0097
http://www.ncbi.nlm.nih.gov/pubmed/19594396

@’PLOS | PATHOGENS

Th1 and ThGranzyme B* Cell Inmunity against Hantaan Virus

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hooper JW, Custer DM, Smith J, Wahl-Jensen V (2006) Hantaan/Andes virus DNA vaccine elicits a
broadly cross-reactive neutralizing antibody response in nonhuman primates. Virology 347:208-216.
PMID: 16378630

Goulding J, Snelgrove R, Saldana J, Didierlaurent A, Cavanagh M, et al. (2007) Respiratory infections:
do we ever recover? Proc Am Thorac Soc 4: 618-625. PMID: 18073393

Frese M, Schwarzle V, Barth K, Krieger N, Lohmann V, et al. (2002) Interferon-gamma inhibits replica-
tion of subgenomic and genomic hepatitis C virus RNAs. Hepatology 35: 694—703. PMID: 11870386

Gattoni A, Parlato A, Vangieri B, Bresciani M, Derna R (2006) Interferon-gamma: biologic functions and
HCV terapy (type I/ll) (2 of 2 parts). Clin Ter 157: 457—-468. PMID: 17147054

Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, et al. (2007) Multifunctional TH1 cells de-
fine a correlate of vaccine-mediated protection against Leishmania major. Nat Med 13: 843-850.
PMID: 17558415

Duvall MG, Precopio ML, Ambrozak DA, Jaye A, McMichael AJ, et al. (2008) Polyfunctional T cell re-
sponses are a hallmark of HIV-2 infection. Eur J Immunol 38: 350—-363. doi: 10.1002/€ji.200737768
PMID: 18200635

Brown DM, Lee S, Garcia-Hernandez Mde L, Swain SL (2012) Multifunctional CD4 cells expressing
gamma interferon and perforin mediate protection against lethal influenza virus infection. J Virol 86:
6792—-6803. doi: 10.1128/JVI1.07172-11 PMID: 22491469

Hual, Yao S, Pham D, Jiang L, Wright J, et al. (2013) Cytokine-dependent induction of CD4+ T cells
with cytotoxic potential during influenza virus infection. J Virol 87: 11884—11893. doi: 10.1128/JVI.
01461-13 PMID: 23986597

Soghoian DZ, Streeck H (2010) Cytolytic CD4(+) T cells in viral immunity. Expert Rev Vaccines 9:
1453-1463. doi: 10.1586/erv.10.132 PMID: 21105780

Brown DM, Kamperschroer C, Dilzer AM, Roberts DM, Swain SL (2009) IL-2 and antigen dose differen-
tially regulate perforin- and FasL-mediated cytolytic activity in antigen specific CD4+ T cells. Cell Immu-
nol 257:69-79. doi: 10.1016/j.cellimm.2009.03.002 PMID: 19338979

Hirschhorn-Cymerman D, Budhu S, Kitano S, Liu C, Zhao F, et al. (2012) Induction of tumoricidal func-
tionin CD4+ T cells is associated with concomitant memory and terminally differentiated phenotype. J
Exp Med 209: 2113-2126. doi: 10.1084/jem.20120532 PMID: 23008334

Qui HZ, Hagymasi AT, Bandyopadhyay S, St Rose MC, Ramanarasimhaiah R, et al. (2011) CD134
plus CD137 dual costimulation induces Eomesodermin in CD4 T cells to program cytotoxic Th1 differ-
entiation. J Immunol 187: 3555-3564. doi: 10.4049/jimmunol.1101244 PMID: 21880986

Naouar |, Boussoffara T, Ben Ahmed M, Belhaj Hmida N, Gharbi A, et al. (2014) Involvement of differ-
ent CD4(+) T cell subsets producing granzyme B in the immune response to Leishmania major anti-
gens. Mediators Inflamm 2014: 636039. doi: 10.1155/2014/636039 PMID: 25104882

von Gegerfelt A, Valentin A, Alicea C, Van Rompay KK, Marthas ML, et al. (2010) Emergence of simian
immunodeficiency virus-specific cytotoxic CD4+ T cells and increased humoral responses correlate
with control of rebounding viremia in CD8-depleted macaques infected with Rev-independent live-at-
tenuated simian immunodeficiency virus. J Immunol 185: 3348-3358. doi: 10.4049/jimmunol.1000572
PMID: 20702730

Jalah R, Patel V, Kulkarni V, Rosati M, Alicea C, et al. (2012) IL-12 DNA as molecular vaccine adjuvant
increases the cytotoxic T cell responses and breadth of humoral immune responses in SIV DNA vacci-
nated macaques. Hum Vaccin Immunother 8: 1620-1629. doi: 10.4161/hv.21407 PMID: 22894956

Zhang W, Brahmakshatriya V, Swain SL (2014) CD4 T cell defects in the aged: causes, consequences
and strategies to circumvent. Exp Gerontol 54: 67—-70. doi: 10.1016/j.exger.2014.01.002 PMID:
24440384

Patsoukis N, Brown J, Petkova V, Liu F, Li L, et al. (2012) Selective effects of PD-1 on Akt and Ras
pathways regulate molecular components of the cell cycle and inhibit T cell proliferation. Sci Signal 5:
ra46. doi: 10.1126/scisignal.2002796 PMID: 22740686

Patsoukis N, Sari D, Boussiotis VA (2012) PD-1 inhibits T cell proliferation by upregulating p27 and p15
and suppressing Cdc25A. Cell Cycle 11:4305-4309. doi: 10.4161/cc.22135 PMID: 23032366

Focosi D, Bestagno M, Burrone O, Petrini M (2010) CD57+ T lymphocytes and functional immune defi-
ciency. J Leukoc Biol 87: 107-116. doi: 10.1189/jIb.0809566 PMID: 19880576

Kulpa DA, Lawani M, Cooper A, Peretz Y, Ahlers J, et al. (2013) PD-1 coinhibitory signals: the link be-
tween pathogenesis and protection. Semin Immunol 25: 219-227. doi: 10.1016/j.smim.2013.02.002
PMID: 23548749

Radulovic K, Rossini V, Manta C, Holzmann K, Kestler HA, et al. (2013) The early activation marker
CD69 regulates the expression of chemokines and CD4 T cell accumulation in intestine. PLoS One 8:
€65413. doi: 10.1371/journal.pone.0065413 PMID: 23776480

PLOS Pathogens | DOI:10.1371/journal.ppat.1004788  April 2, 2015 29/31


http://www.ncbi.nlm.nih.gov/pubmed/16378630
http://www.ncbi.nlm.nih.gov/pubmed/18073393
http://www.ncbi.nlm.nih.gov/pubmed/11870386
http://www.ncbi.nlm.nih.gov/pubmed/17147054
http://www.ncbi.nlm.nih.gov/pubmed/17558415
http://dx.doi.org/10.1002/eji.200737768
http://www.ncbi.nlm.nih.gov/pubmed/18200635
http://dx.doi.org/10.1128/JVI.07172-11
http://www.ncbi.nlm.nih.gov/pubmed/22491469
http://dx.doi.org/10.1128/JVI.01461-13
http://dx.doi.org/10.1128/JVI.01461-13
http://www.ncbi.nlm.nih.gov/pubmed/23986597
http://dx.doi.org/10.1586/erv.10.132
http://www.ncbi.nlm.nih.gov/pubmed/21105780
http://dx.doi.org/10.1016/j.cellimm.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19338979
http://dx.doi.org/10.1084/jem.20120532
http://www.ncbi.nlm.nih.gov/pubmed/23008334
http://dx.doi.org/10.4049/jimmunol.1101244
http://www.ncbi.nlm.nih.gov/pubmed/21880986
http://dx.doi.org/10.1155/2014/636039
http://www.ncbi.nlm.nih.gov/pubmed/25104882
http://dx.doi.org/10.4049/jimmunol.1000572
http://www.ncbi.nlm.nih.gov/pubmed/20702730
http://dx.doi.org/10.4161/hv.21407
http://www.ncbi.nlm.nih.gov/pubmed/22894956
http://dx.doi.org/10.1016/j.exger.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24440384
http://dx.doi.org/10.1126/scisignal.2002796
http://www.ncbi.nlm.nih.gov/pubmed/22740686
http://dx.doi.org/10.4161/cc.22135
http://www.ncbi.nlm.nih.gov/pubmed/23032366
http://dx.doi.org/10.1189/jlb.0809566
http://www.ncbi.nlm.nih.gov/pubmed/19880576
http://dx.doi.org/10.1016/j.smim.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23548749
http://dx.doi.org/10.1371/journal.pone.0065413
http://www.ncbi.nlm.nih.gov/pubmed/23776480

@’PLOS | PATHOGENS

Th1 and ThGranzyme B* Cell Inmunity against Hantaan Virus

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Picker LJ, Hagen SI, Lum R, Reed-Inderbitzin EF, Daly LM, et al. (2004) Insufficient production and tis-
sue delivery of CD4+ memory T cells in rapidly progressive simian immunodeficiency virus infection. J
Exp Med 200: 1299—-1314. PMID: 15545355

Yagi R, Zhong C, Northrup DL, Yu F, Bouladoux N, et al. (2014) The Transcription Factor GATAS Is
Critical for the Development of All IL-7Ralpha-Expressing Innate Lymphoid Cells. Immunity 40: 378—
388. doi: 10.1016/j.immuni.2014.01.012 PMID: 24631153

Shive CL, Mudd JC, Funderburg NT, Sieg SF, Kyi B, et al. (2014) Inflammatory Cytokines Drive CD4+
T-Cell Cycling and Impaired Responsiveness to Interleukin 7: Implications for Immune Failure in HIV
Disease. J Infect Dis.

Urbani S, Boni C, Missale G, Elia G, Cavallo C, et al. (2002) Virus-specific CD8+ lymphocytes share
the same effector-memory phenotype but exhibit functional differences in acute hepatitis B and C. J
Virol 76:12423-12434. PMID: 12438568

Francavilla V, Accapezzato D, De Salvo M, Rawson P, Cosimi O, et al. (2004) Subversion of effector
CD8+ T cell differentiation in acute hepatitis C virus infection: exploring the immunological mecha-
nisms. Eur J Immunol 34: 427-437. PMID: 14768047

Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, et al. (2003) Selective expression of the inter-
leukin 7 receptor identifies effector CD8 T cells that give rise to long-lived memory cells. Nat Immunol
4:1191-1198. PMID: 14625547

Shin EC, Park SH, Nascimbeni M, Major M, Caggiari L, et al. (2013) The frequency of CD127(+) hepati-
tis C virus (HCV)-specific T cells but not the expression of exhaustion markers predicts the outcome of
acute HCV infection. J Virol 87:4772-4777. doi: 10.1128/JVI1.03122-12 PMID: 23388706

Surh CD, Sprent J (2008) Homeostasis of naive and memory T cells. Immunity 29: 848-862. doi: 10.
1016/j.immuni.2008.11.002 PMID: 19100699

Watanabe M, Ueno Y, Yajima T, Iwao Y, Tsuchiya M, et al. (1995) Interleukin 7 is produced by human
intestinal epithelial cells and regulates the proliferation of intestinal mucosal lymphocytes. J Clin Invest
95: 2945-2953. PMID: 7769137

Henriques CM, Rino J, Nibbs RJ, Graham GJ, Barata JT (2010) IL-7 induces rapid clathrin-mediated in-
ternalization and JAK3-dependent degradation of IL-7Ralphain T cells. Blood 115: 3269-3277. doi:
10.1182/blood-2009-10-246876 PMID: 20190194

Kiazyk SA, Fowke KR (2008) Loss of CD127 expression links immune activation and CD4(+) T cell loss
in HIV infection. Trends Microbiol 16: 567-573. doi: 10.1016/j.tim.2008.08.011 PMID: 18964017

Paiardini M, Cervasi B, Albrecht H, Muthukumar A, Dunham R, et al. (2005) Loss of CD127 expression
defines an expansion of effector CD8+ T cells in HIV-infected individuals. J Immunol 174: 2900-2909.
PMID: 15728501

Shive CL, Mudd JC, Funderburg NT, Sieg SF, Kyi B, et al. (2014) Inflammatory cytokines drive CD4+
T-cell cycling and impaired responsiveness to interleukin 7: implications forimmune failure in HIV dis-
ease. J Infect Dis 210: 619-629. doi: 10.1093/infdis/jiu125 PMID: 24585897

Kyriakidis |, Papa A (2013) Serum TNF-alpha, sTNFR1, IL-6, IL-8 and IL-10 levels in hemorrhagic fever
with renal syndrome. Virus Res 175: 91-94. doi: 10.1016/j.virusres.2013.03.020 PMID: 23603136

Nowak MA, Bangham CR (1996) Population dynamics of immune responses to persistent viruses. Sci-
ence 272:74-79. PMID: 8600540

Urbani S, Amadei B, Fisicaro P, Tola D, Orlandini A, et al. (2006) Outcome of acute hepatitis C is related
to virus-specific CD4 function and maturation of antiviral memory CD8 responses. Hepatology 44:
126-139. PMID: 16799989

Larrubia JR, Moreno-Cubero E, Lokhande MU, Garcia-Garzon S, Lazaro A, et al. (2014) Adaptive im-
mune response during hepatitis C virus infection. World J Gastroenterol 20: 3418-3430. doi: 10.3748/
wjg.v20.i13.3418 PMID: 24707125

Swain SL, McKinstry KK, Strutt TM (2012) Expanding roles for CD4(+) T cells in immunity to viruses.
Nat Rev Immunol 12: 136—148. doi: 10.1038/nri3152 PMID: 22266691

Dalrymple NA, Mackow ER (2014) Virus interactions with endothelial cell receptors: implications for
viral pathogenesis. Curr Opin Virol 7: 134—140. doi: 10.1016/j.coviro.2014.06.006 PMID: 25063986

Temonen M, Mustonen J, Helin H, Pasternack A, Vaheri A, et al. (1996) Cytokines, adhesion mole-
cules, and cellular infiltration in nephropathia epidemica kidneys: an immunohistochemical study. Clin
Immunol Immunopathol 78: 47-55. PMID: 8599883

Rasmuson J, Pourazar J, Linderholm M, Sandstrom T, Blomberg A, et al. (2011) Presence of activated
airway T lymphocytes in human puumala hantavirus disease. Chest 140: 715-722. doi: 10.1378/chest.
10-2791 PMID: 21436245

PLOS Pathogens | DOI:10.1371/journal.ppat.1004788  April 2, 2015 30/31


http://www.ncbi.nlm.nih.gov/pubmed/15545355
http://dx.doi.org/10.1016/j.immuni.2014.01.012
http://www.ncbi.nlm.nih.gov/pubmed/24631153
http://www.ncbi.nlm.nih.gov/pubmed/12438568
http://www.ncbi.nlm.nih.gov/pubmed/14768047
http://www.ncbi.nlm.nih.gov/pubmed/14625547
http://dx.doi.org/10.1128/JVI.03122-12
http://www.ncbi.nlm.nih.gov/pubmed/23388706
http://dx.doi.org/10.1016/j.immuni.2008.11.002
http://dx.doi.org/10.1016/j.immuni.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19100699
http://www.ncbi.nlm.nih.gov/pubmed/7769137
http://dx.doi.org/10.1182/blood-2009-10-246876
http://www.ncbi.nlm.nih.gov/pubmed/20190194
http://dx.doi.org/10.1016/j.tim.2008.08.011
http://www.ncbi.nlm.nih.gov/pubmed/18964017
http://www.ncbi.nlm.nih.gov/pubmed/15728501
http://dx.doi.org/10.1093/infdis/jiu125
http://www.ncbi.nlm.nih.gov/pubmed/24585897
http://dx.doi.org/10.1016/j.virusres.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23603136
http://www.ncbi.nlm.nih.gov/pubmed/8600540
http://www.ncbi.nlm.nih.gov/pubmed/16799989
http://dx.doi.org/10.3748/wjg.v20.i13.3418
http://dx.doi.org/10.3748/wjg.v20.i13.3418
http://www.ncbi.nlm.nih.gov/pubmed/24707125
http://dx.doi.org/10.1038/nri3152
http://www.ncbi.nlm.nih.gov/pubmed/22266691
http://dx.doi.org/10.1016/j.coviro.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/25063986
http://www.ncbi.nlm.nih.gov/pubmed/8599883
http://dx.doi.org/10.1378/chest.10-2791
http://dx.doi.org/10.1378/chest.10-2791
http://www.ncbi.nlm.nih.gov/pubmed/21436245

ol
@ ¢ PLOS | PATHOGENS Th1 and ThGranzyme B* Cell Inmunity against Hantaan Virus

80. Nolte KB, Feddersen RM, Foucar K, Zaki SR, Koster FT, et al. (1995) Hantavirus pulmonary syndrome
in the United States: a pathological description of a disease caused by a new agent. Hum Pathol 26:
110-120. PMID: 7821907

PLOS Pathogens | DOI:10.1371/journal.ppat.1004788  April 2, 2015 31/31


http://www.ncbi.nlm.nih.gov/pubmed/7821907


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


