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Abstract

Background—Studies have shown that HIV infection is associated with an impaired influenza 

vaccine response. We examined the role of cellular phenotypes and function in influenza vaccine 

responsiveness in healthy controls and aviremic HIV-infected subjects on antiretroviral treatment 

(ART).

Methods—16 healthy controls and 26 ART+ aviremic HIV+ subjects were enrolled in the current 

study. Blood was collected at pre-vaccination (D0), and on days 7–10 (D7) and 14–21 (D14) 

following the 2013–2014 seasonal influenza vaccine administrations. Subjects were classified as 

responders if neutralizing titers against H1N1 virus increased ≥ 4-fold at D14 compared to D0. A 

serial analysis of B and CD4+ T cell frequencies and activation was performed on D0 and D7 by 

flow cytometry.

Results—9 of 26 (34.6%) HIV-infected individuals and 7 of 16 (43.8%) healthy controls were 

classified as responders to influenza vaccines. Total B cell apoptosis (annexin V) was increased on 

D7 post-vaccination in non-responders but not in responders among both controls and HIV+ 

#Corresponding author: Wei Jiang, jianw@musc.edu; Lei Huang, huangleiwa@sina.com.
*These authors contributed equally to this work.

The authors declare no competing financial interests.

HHS Public Access
Author manuscript
Vaccine. Author manuscript; available in PMC 2017 February 01.

Published in final edited form as:
Vaccine. 2017 February 01; 35(5): 831–841. doi:10.1016/j.vaccine.2016.12.026.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subjects. Surface CD80 expression on memory B cells and intracellular CD40L expression on 

memory CD4+ T cells were induced on D7 in responders of controls but not in non-responders. 

The CD80 and CD40L induction was not demonstrable in HIV-infected subjects regardless of 

responders and non-responders. Memory CD4+ T cell cycling tended to increase on D7 in the four 

study groups but did not achieve significance. All the other parameters were indistinguishable 

between responders and non-responders, regardless of HIV-infection status.

Conclusion—The perturbation of activation and apoptotic induction on B cells or CD4+ T cells 

after seasonal influenza vaccination in non-responders and HIV-infected subjects may help 

understand the mechanism of impaired vaccine responsiveness.
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INTRODUCTION

HIV infection is associated with high incidence of influenza infection [1, 2]. Seasonal 

influenza vaccination is highly recommended for HIV-1 infected individuals to reduce 

influenza-related morbidity and mortality [3]. In HIV-infected patients, the antibody 

responses to influenza vaccination are frequently impaired [4, 5]. Immune suppression, low 

CD4+ T cell counts, aging, IL-10 promoter polymorphisms, baseline low naïve CD4+ T 

cells, and IL-28B levels have been associated with poor immune response to influenza 

vaccination [6–9]. It is clear that antiretroviral treatment (ART)-naïve and viremic patients 

have impaired influenza vaccine responses to primary and recall immunization [10, 11]. 

ART treatment does not fully restore seroprotection until higher or multiple doses of vaccine 

are administered [11–13].

The purpose of this study was to characterize T cell and B cell dysfunction in immunologic 

responders and non-responders of healthy controls and HIV-infected individuals that may 

preclude appropriate influenza vaccine response. Understanding the immune perturbations in 

these individuals can help improve the immunogenicity of vaccine regimens and establish 

guidelines on repeat doses to improve immune responses. We have a particular interest in 

evaluating the differential function of T and B cells in responders compared to non-

responders at baseline and after vaccination, including cell frequency and count, apoptosis, 

activation, cycling and cytokine production. In the current study, we found that the induction 

of B cell apoptosis both in controls and HIV-infected individuals, CD40L induction in 

memory CD4+ T cells and CD80 induction on memory B cells in healthy controls following 

vaccination distinguished responders and non-responders.

MATERIALS AND METHODS

Study subjects

16 healthy controls and 26 HIV+ ART-treated aviremic patients (plasma HIV RNA < 50 

copies/mL) were studied. Clinical characteristics of participants were shown in table 1. All 

participants had received the influenza vaccine the previous year and would again during the 

study year. HIV-infected and HIV-negative volunteers were recruited between June 2013 and 
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March 2014 to receive the 2013–2014 influenza vaccine and to donate blood at 3 time 

points: day 0 (D0) prior to vaccination, then on day 7–10 (D7), and day 14–21 (D14) post-

vaccination. This study was approved by the Medical University of South Carolina IRB 

(Pro00020606), and all participants provided written informed consent. We previously 

reported that anti-H1N1 neutralizing antibody response was the predominant viral strain 

[14]. Therefore vaccine responders were defined as a four-fold increase in neutralization 

from baseline titers on D14, and non-responders were defined as less than a four-fold 

increase in neutralization from baseline titers against H1N1 virus [15].

Influenza virus strains and vaccination

A/California/7/2009 (H1N1) NIB-74 is an influenza A (H1N1) vaccine strain, derived from 

A/Christchurch/16/2010, National Institute for Biological Standards and Control (NIBSC; 

London, UK; code 13/200). A/Victoria/361/2011 (H3N2) NYMCX-223A is an influenza A 

(H3N2) vaccine strain, derived from A/Texas/50/2012, National Institute for Biological 

Standards and Control (NIBSC; London, UK; code 13/252). B/Massachusetts/2/2012 (B) 

NYMC BX-51B is an influenza A (H3N2) vaccine strain, derived from B/Massachusetts/

2/2012, National Institute for Biological Standards and Control (NIBSC; London, UK; code 

14/106). These viruses were used in the microneutralization assay. The strains for the 2013–

2014 seasonal vaccine were H1N1, H3N2, and B type.

Cells

Plasma was collected from EDTA-contained blood, aliquot, and stored at −80°C before use. 

PBMCs were isolated over a Ficoll-Hypaque cushion (GE, Pittsburgh, PA). Antibodies were 

incubated with cells at room temperature for 10 minutes. After surface staining, cells were 

washed and subsequently analyzed by flow cytometry.

Flow cytometry

The fluorochrome-labeled monoclonal antibodies used in this study included: antibodies 

against CD3-Peridinin Chlorophyll (Percp, Miltenyi Biotec), CD8-APCcy (Biolegend), 

CD4-phycoerytherin (PE, BD Pharmingen), CD27-APCcy7 (BD Pharmingen), IgD-PEcy7 

(Biolegend, San Diego, CA), CD40L-PE (BD Pharmingen), CD19- fluorescein 

isothiocyanate (FITC, BD Pharmingen), CD80-allophycocyanin (APC, BD Pharmingen), 

PD1-PE (BD Pharmingen), CD45RO-PEcy7 (BD Pharmingen), ki67-FITC (BD 

Pharmingen), IFN-γ-FITC (BD Pharmingen), CD38-APC, annexin V-FITC, and isotype 

control Abs (BD Pharmingen). No annexin V staining was used as a control for gating 

strategy. All others were gated based on isotypes. Cells were identified by their forward 

(FSC) and side scatter (SSC) characteristics and were analyzed with a Guava 8HT flow 

cytometer (Millipore, Billerica, MA).

Microneutralization assay

The detailed method was descripted in our previous study [14]. Briefly, plasma samples 

were serial diluted and heat-inactivated. Plasma samples were mixed with tissue culture 

infective doses (TCID50) for the H1N1 strain virus. The cells were cultured and the presence 

of viral protein was detected by ELISA. The endpoint titer was calculated by the reciprocal 
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of the highest dilution of plasma with an OD value less than X, where X = {(average of V 

wells) − (average of C wells)}/2 + (average of C wells).

Statistical analysis

Conventional measurements of the central location and dispersion were performed to 

describe the data, and the differences in continuous measurements between the two groups 

were compared by the Wilcoxon matched-pairs signed rank test (paired) or Mann-Whitney's 

U test (unpaired). In the pre-specified hypothesis, we were interested in the comparisons of 

HIV+ subjects versus HIV− subjects, or vaccine responders versus non-responders; 

therefore, p-values from comparing the interested group to each of control groups were not 

adjusted for multiple comparisons [16]. The same approach was applied to the comparisons 

of immune parameters induced by anti-CD4 IgGs and control antibodies. To explore 

associations between pairs of continuous variables, Spearman's rank correlation was used. 

Comparison analysis was performed using SPSS software (version 16.01, Chicago, IL, 

USA). All tests were 2-sided, and P ≤ 0.05 was considered to denote statistical significance.

RESULTS

B cell parameters pre- and post- vaccination in responders and non-responders among 
healthy controls and HIV-infected subjects

An individual was considered a responder if he or she had the standard 4-fold or greater 

increase [15] in D14 versus D0 vaccination microneutralization titer (seroconversion). Of the 

controls, 7 were responders, and 9 were non-responders (43.75%). Of the HIV+ subjects, 9 

were responders, and 17 were non-responders (34.6%). None of the differences in the 

frequency of responders between the controls (n = 16) and HIV+ subjects (n = 26) was 

significant (P > 0.05).

Next, frequencies and apoptosis of B cells were assessed by flow cytometry. Pre- and post-

vaccination, the frequencies of total B cells in PBMCs were similar in controls and HIV+ 

subjects and in responders and non-responders (Fig. 1A–1B). Interestingly, more frequent B 

cell apoptosis was observed after vaccination in non-responders but not in responders 

regardless of HIV infection (Fig. 1C). Notably, the frequencies of total B cells in controls 

and all HIV+ subjects at baseline were similar (P = 0.14, Fig. 1B); but the frequency of 

annexin V binding among total B cells (P = 0.004, Fig. 1C) but not among memory B cells 

(P = 0.18, Fig. 1D) was increased at baseline in all HIV+ subjects compared with controls. 

There was a highly significant decrease in B cell apoptosis in the HIV+ immune responders 

on D7 compared to D0 (Fig. 1C), implying that B cell apoptotic function may be an 

important factor in vaccine response in HIV+ subjects. These results suggest that although 

frequencies of B cells are recovered in HIV+ subjects after ART treatment and viral 

suppression, B cell function, as measured by annexin V binding, may not be fully recovered.

B cell activation and cycling were also assessed in responders and non-responders in 

controls and HIV+ subjects pre- and post- vaccination (Fig. 2A–2E). Baseline level of ki67 

expression in total B cells (P = 0.03, Fig. 2B) but not in memory B cells (P = 0.20, Fig. 2C) 

was elevated in all HIV+ subjects compared to controls, and CD80 expression on total (P = 
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0.50, Fig. 2D) and memory (P = 0.10, Fig. 2E) B cells was similar at baseline in both 

groups. Interestingly, the frequency of CD80+ memory B cells was increased on D7 post-

vaccination only in responders of controls, but not in non-responders or in HIV-infected 

subjects (Fig. 2E). These results suggest that memory B cell activation as reflected by CD80 

expression may be important in vaccine recall antigen responses in healthy controls. HIV-

infected subjects had impaired CD80 induction on memory B cells despite long-term ART 

treatment and viral suppression.

CD4+ T cell parameters pre- and post-vaccination in responders and non-responders of 
healthy controls and HIV-infected subjects

CD4+ T cells are required for B cells to produce antibodies in response to influenza 

vaccination because influenza vaccine antigens are T cell-dependent antigens [17]. We 

therefore analyzed the frequency of CD4+ T cells in total CD3+ T cells (Fig. 3A–3B) and 

the ratio of CD4+ T cells versus CD8+ T cells (Fig. 3A and 3C) on D0 and D7. Interestingly, 

we observe a decrease in the ratio of CD4+ T cells versus CD8+ T cells in immunologic 

non-responders of HIV+ subjects on D7 compared to D0 but not in responders and controls 

(Fig. 3C). However, the p value in figure 3C is not significant on D0 compared to D7 in non-

responders of HIV+ subjects if the outlier (CD4/CD8 ratio > 5) was removed from HIV+ 

INR on D0 (P = 0.07). Baseline frequency of CD4+ T cells (P = 0.002, Fig. 3B) and ratio of 

CD4+ T cells versus CD8+ T cells (P < 0.0001, Fig. 3C) decreased in all HIV+ subjects 

compared to healthy controls, but these markers were similar in responders and non-

responders (Fig. 3).

Next, we assessed CD4+ T cell apoptosis and activation that are important immunologic 

parameters for HIV disease progression [18]. Baseline frequencies of apoptosis on total 

CD4+ T cells (CD3+CD4+CD8−, P = 0.13) or on memory CD4+ T cells 

(CD4+CD3+CD8−CD45RO+, P = 0.20) were similar in healthy controls and HIV+ subjects, 

and were similar on D0 and D7 in the four study groups (Fig. 4A–4C). In HIV disease, 

CD38 is a recognized nonspecific immunologic parameter of T cell activation [19, 20]. 

Baseline level of chronic immune activation reflected by the frequency of CD38+ on 

memory CD4+ T cells tended to increase in all HIV+ subjects compared to healthy controls 

(P = 0.055, Fig. 4D). Nonetheless, we did not identify differences in these markers between 

responders and non-responders (Fig. 4). These results suggest that even after long-term ART 

treatment, CD4+ T cell frequencies and activation were not fully normalized in all patients 

compared with healthy controls at baseline regardless of immunologic responders and non-

responders.

Intracellular CD40L and IFN-γ expression have been reported to be reasonably specific 

markers of recent T cell receptor engagement in CD4+ T cells [21–23]. To investigate the 

function of CD4+ T cells in response to vaccination in vivo, the frequencies of intracellular 

CD40L and IFN-γ-producing CD4+ T cells were compared between controls and HIV-

infected subjects, and immunologic responders and non-responders (Fig. 5A–5E). 

Vaccination increased CD40L expression in memory CD4+ T cells but not total CD4+ T 

cells on D7 compared to D0 only in responders of controls but not in non-responders or 

HIV-infected subjects (Fig. 5B–5C). However, if the outliers (%CD40L+CD4/mCD4 > 5%) 
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were removed in HIV− responders, vaccination significantly increased CD40L expression in 

total CD4+ T cells (P = 0.001, Fig. 5B) but not in memory CD4+ T cells (P = 0.08, Fig. 5C) 

on D7 compared to D0. The frequencies of IFN-γ-producing CD4+ T cells or memory 

CD4+ T cells tended to increase in response to vaccination in all healthy controls but not in 

all HIV+ subjects regardless of responders and non-responders (Fig. 5D–5E). The results 

were the same if the removed outliers were removed (%IFN-γ+CD4/mCD4 > 5%, Fig. 5D–

5E). Baseline levels of CD40L-producing memory CD4+ T cells (P = 0.003) but not total 

CD4+ T cells (P = 0.58) were increased in HIV+ subjects compared to healthy controls (Fig. 

5B–5C), but baseline frequencies of IFN-γ-producing CD4+ T cells (P = 0.001, Fig. 5D) 

and memory CD4+ T cells (P = 0.001, Fig. 5E) were reduced in all HIV+ subjects compared 

to all healthy controls. These results suggest that antigen-specific CD4+ T cell function in 

HIV+ subjects was not fully recovered after ART treatment and viral suppression.

PD-1 is an immunologic parameter related to T cell exhaustion that is linked to impaired T 

cell function [24]. The intracellular expression of ki67, an immunologic parameter of 

ongoing or recent cell cycle entry [25], was measured in CD4+ T cells in the current study 

(Fig. 6A–6E). The frequency of memory CD4+ T cell cycling increased in immunologic 

non-responders of HIV+ subjects in response to vaccination (P = 0.02, Fig. 6C), and tended 

to increase in response to vaccination in the other three study groups but did not achieve 

significant differences regardless of HIV infection status (Fig. 6C). Furthermore, baseline 

frequencies of ki67-expressing CD4+ T cells (P < 0.001, Fig. 6B) and memory CD4+ T cells 

(P = 0.003, Fig. 6C) were increased in all HIV+ subjects compared to all healthy controls. 

Moreover, we found that baseline frequency of PD1+ total CD4+ T cells (P = 0.02, Fig. 6D) 

but not memory CD4+ T cells (P = 0.34, Fig. 6E) was higher in all HIV+ subjects compared 

to all healthy controls. Vaccination did not change PD1 expression on CD4+ T cells in any 

group (Fig. 6D–6E). Altogether, baseline levels of CD4+ T cell activation revealed that 

CD4+ T cells are activated with heightened expression of ki67, PD1, and CD38, despite 

long-term ART treatment and viral suppression in the HIV-infected individuals.

In summary, we have observed the differences of CD80 induction on memory B cells and 

CD40L induction in memory CD4+ T cells by after influenza vaccination in responders of 

healthy controls. HIV-infected subjects had impaired CD80 induction on memory B cells 

and CD40L induction on memory CD4+ T cells regardless of responders and non-

responders. In addition, we have seen the differences in B cell apoptosis between responders 

and non-responders, which with vaccination induced-B cell apoptosis in non-responders but 

not in responders, regardless of HIV-infection status.

DISCUSSION

The aim of this study was to define the predictors of recall immune responses to influenza 

vaccination in healthy controls and HIV-infected subjects. In the current study, serologic 

responses to the trivalent 2013–2014 seasonal influenza vaccination were measured by 

H1N1 virus-specific microneutralization assay, and cellular function was analyzed by flow 

cytometry in a cohort of healthy controls and aviremic ART+ HIV-infected subjects. To 

define the cellular function in response to influenza vaccine antigen stimulation in vivo, 

blood or PBMCs samples were analyzed by frequencies, cell activation, cycling, and 
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cytokine production among CD4+ T cells and B cells, and differences in responders and 

non-responders of HIV+ and HIV− subjects were compared. Changes in frequency of B cell 

apoptosis following vaccination distinguish responders and non-responders of HIV+ and 

HIV− subjects; CD80 on memory B cells and CD40L in memory CD4+ T cells were 

induced in response to vaccination only in immunologic responders of HIV− subjects but 

not in HIV+ subjects. When the whole study population was taken into account, regardless 

of vaccine response, baseline levels of apoptotic B cells, and PD1, cycling, and CD38 

expression on CD4+ or memory CD4+ T cells were elevated in HIV+ patients compared 

with controls.

No significant induction of CD38, PD1 and IFN-γ in total or memory CD4+ T cells and no 

significant induction of ki67 on total or memory B cells were observed by after vaccinations. 

Previous studies show that cellular activation was observed on day 1 post-influenza 

vaccination [26]. Timing of sample collection may impact these observations, and day 7 

measurements post-vaccination may be too late to detect the optimal time of some cell 

activation markers. It was noted that HIV-infected subjects had higher baseline levels of B 

cell and CD4+ T cell activation; suggesting elevated chronic immune activation in these 

long-term viral-suppressive ART treated HIV-infected subjects.

CD40L is a specific marker of CD4+ T cells that have been engaged via T cell receptor 

stimulation [27]. Impaired expression of CD40L in CD4+ T cells has been reported in HIV-

infected individuals compared to healthy controls in response to super-antigen 

staphylococcal enterotoxin B in vitro [28]. In the current study, CD40L was induced in 

memory CD4+ T cells on day 7 post-vaccination in immunologic responders of controls but 

not in non-responders and HIV-infected individuals, implying that CD40L may be an 

important marker for antigen-specific CD4+ T cells in response to influenza vaccination in 

healthy individuals in vivo.

B7 CD80/CD86 is a costimulatory or activation molecule expressed on B cells that is crucial 

for IgG production against influenza viral infection [29]. In the current study, CD80 was 

induced on memory B cells on day 7 post-vaccination in immunologic responders of 

controls but not in non-responders and HIV-infected individuals. Additionally, vaccine-

induced of B cell apoptosis was the marker distinguishing immunologic non-responders 

from responders regardless of HIV infection status, implying that CD80 induction on B cells 

may be an important marker for appropriate B cell vaccine response in healthy individuals 

while B cell apoptosis may imply poor vaccine response in both controls and HIV-infected 

individuals under viral suppression and ART treatment.

Upon encountering a T cell-dependent antigen such as influenza vaccination, CD4+ T cells 

are activated to express CD40L to provide help for B cells. B cells then undergo subsequent 

activation to express CD80, proliferation (ki67) and antibody production. Alternatively, they 

become anergic or undergo apoptosis and fail to produce sufficient amount of antibodies 

[30]. B cell receptor-induced mitochondrial dysfunction is a central mechanism for B cell 

receptor induced cell apoptosis [30], which may account for B cell apoptotic induction by 

vaccination in immune non-responders in the current study. CD40/CD40L signaling between 

CD4+ T cells and B cells has been shown to reverse B cell receptor induced apoptosis [31], 
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suggesting a possible mechanism accounting for immune non-responders in healthy control 

individuals.

The current study suggests that CD40L in memory CD4+ T cells and CD80 on memory B 

cells may be critical for vaccine response responders among healthy controls, but they are 

not necessary for vaccine responses responders among HIV-infected individuals, suggesting 

that they are important immune parameters for vaccine responses in healthy controls. 

However, baseline frequencies of apoptosis and ki67 expression in total B cells were 

elevated in aviremic ART-treated HIV+ subjects compared to healthy controls. This may 

result in B cell perturbations in response to vaccination in HIV+ subjects. Moreover, B cell 

apoptosis is the only marker to distinguish responders and non-responders regardless HIV 

infection status. The main limitation to this study is its relatively small sample size that may 

impact on interpretation of the results and preclude drawing further conclusions. To the best 

of our knowledge, this is the first reported association of increased B cell apoptosis post-

influenza vaccination with vaccine nonresponse. This study may provide some information 

for vaccine design.
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Figure 1. 
B cell frequency and apoptosis in responders and non-responders. Blood samples were 

tested for surface staining, and PBMCs were tested for apoptosis pre- and post-influenza 

vaccinations. (A) Representative dot plots display the gating strategy used to assess the 

percentages of B cells (tB) in PBMCs and the frequencies of B cell apoptosis. (B) The 

median frequencies of total B cells (CD19+) in PBMCs. The median frequencies of annexin 

V binding among total B cells (CD19+, C) and memory B cells (mB, CD19+CD27+IgD−, 

D). IR: immunologic responder; INR: immunologic non-responder.
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Figure 2. 
B cell cycling and activation in responders and non-responders. Blood samples pre-and post-

influenza vaccinations were tested CD80 for B cell activation and ki67 for B cell cycling. 

(A) Representative dot plots display the gating strategy used to assess the percentages of 

ki67+ or CD80+ total B cells or memory B cells. The median frequencies of ki67+ total B 

cells (B) and memory B cells (C). The median frequencies of CD80+ total B cells (D) and 

memory B cells (E).
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Figure 3. 
CD4+ T cell distribution. (A) Representative dot plots display the gating strategy used to 

assess the percentages of CD3+CD4+CD8− T cells in PBMCs and the ratio of CD4+ T cells 

versus CD8+ T cells. (B) The median frequency of CD3+CD4+CD8− T cells in PBMCs. (C) 

The median ratio of CD4+ T cells versus CD8+ T cells.
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Figure 4. 
CD4+ T cell activation and apoptosis. CD38 expression on memory CD4+ T cells was 

analyzed in fresh blood samples. Annexin V binding on CD4+ T cells was analyzed in fresh 

isolated PBMC. (A) Representative dot plots display the gating strategy used to assess the 

percentages of annexin V binding on CD4+ T cell (CD3+CD4+CD8−, tCD4) and memory 

CD4+ T cell (mCD4, CD3+CD4+CD8−CD45RO+). The median frequencies of annexin V 

binding on total CD4+ T cells (B) and memory CD4+ T cells (C). (D) The median 

frequencies of CD38+ memory CD4+ T cells.
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Figure 5. 
Intracellular CD40L+ and IFN-γ+ in CD4+ T cells. (A) Representative dot plots display the 

gating strategy used to assess the percentages of intracellular CD40L+ or IFN-γ+ in CD4+ T 

cells. The median frequencies of CD40L+ total CD4+ T cells (B) and memory CD4+ T cells 

(C). The median frequencies of IFN-γ+ total CD4+ T cells (D) and memory CD4+ T cells 

(E).
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Figure 6. 
CD4+ T cell cycling and exhaustion. (A) Representative dot plots display the gating strategy 

used to assess the percentages of intracellular ki67 and surface PD1 expression on CD4+ T 

cells. The median frequencies of ki67+ CD4+ T cells (B) and memory CD4+ T cells (C). 

The median frequencies of PD1+ CD4+ T cells (D) and memory CD4+ T cells (E).
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