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ABSTRACT Antibodies with a functional Fc region were previously associated with
protection from HIV-1 acquisition and spontaneous suppression of viral replication.
Unlike broadly neutralizing antibodies, they are not restricted to neutralizing epitopes
and do not require unconventional structural traits to exert their antiviral activity. They
therefore develop earlier after infection and can be detected in the majority of cases.
The conditions under which these antibodies are generated, however, remain largely
unknown. Here, we demonstrate that the generation of HIV-1 Env-specific antibodies
facilitating Fc-dependent innate immune responses, including neutrophil phagocytosis
(ADNP), complement deposition (ADCD), and NK cell activation, likely depends on help
provided by CD4* T and peripheral T follicular helper (pTfh) cells secreting interleukin-
21 (IL-21). Other proteins, including CD40L, gamma interferon (IFN-y), and IL-4/13, involved
in cross talk between B and T cells were linked to the production of antibodies with a
functional Fc region but only when coexpressed with IL-21. As a potential source of these
antibodies, we identified a subset of Env-specific memory B cells known to be expanded
in chronic HIV-1 infection. The frequency and level of Blimp-1 expression in Env-spe-
cific tissue-like memory B cells (TLM) correlated with the functional CD4* T cell
subsets associated with robust antibody-dependent innate responses. Thus, our
data suggest a mechanism responsible for the generation of antibodies with func-
tional Fc region in chronically HIV-1-infected individuals that is based on CD4* T
cell-induced activation of memory B cells.

IMPORTANCE To develop a vaccine or immunotherapy that would cure the HIV-1 infec-
tion, it is important to identify helper T cells able to mount an efficient antibody response.
Here, we demonstrate that the generation of HIV-1 Env-specific antibodies facilitating anti-
body-dependent innate immune responses likely depends on Env-specific IL-21-secreting
CD4" T and peripheral T follicular helper cells.

KEYWORDS ADCD, ADNP, CD4* T cells, Env, HIV-1, IL-21, NK cell activation, TLM,
antibody, pTfh

he immunopathology of human immunodeficiency virus type 1 (HIV-1) infection is
characterized by the depletion of CD4* T cells in all body compartments, disrupt-
ing important immune functions. In particular, T follicular helper (Tfh) cells are prefer-
entially infected by HIV-1 and represent a major reservoir (1-3). Interestingly, however,
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persistent antigenemia leads to Tfh cell expansion during chronic HIV-1 infection (1, 4,
5). Despite being a preferred target of HIV-1, Tfh cells and their peripheral counterpart
(pTfh) cells seem to play a vital role in the establishment of an adaptive immune
response against the virus. Their foremost role is to provide helper signals to antigen-
specific B cells that are delivered through surface signaling molecules like CD40L,
0X40, and ICOS and cytokines, including gamma interferon (IFN-y), interleukin-21 (IL-
21), and IL-4 (6, 7). Previous studies have linked pTfh cells expressing CD40L, IL-21, or
IL-4 with the frequency of HIV-1/simian immunodeficiency virus type 1 (SIV-1)-specific
B cells and broadly neutralizing antibodies (bNAbs) (8-10). Moreover, preserved pTfh
cell responses were linked to spontaneous control over HIV-1 replication and controller
status (11, 12). However, pTfh cells of chronically HIV-1-infected individuals show
numerous anomalies. Apart from their high susceptibility to infection and virus-driven
expansion, HIV-1 interferes with their ability to express important effector molecules
(6). It has been demonstrated that pTfh cells of HIV-1* individuals at the late stages of
infection show reduced levels of CD40L (13) and IL-4 (14) but increased ICOS expres-
sion compared to that in healthy individuals. Alteration of IL-21 expression has also
been shown; however, the direction of change depends on the immune compartment
and stage of the disease (14).

The distorted functional profile of pTfh cells in combination with antigenemia leads
to a skewing of the B cell compartment, including anomalies such as decreased
responsiveness to B cell receptor (BCR) stimulation and proliferation potential, reduced
complement receptor (CD21) expression, and high frequency of circulating non-HIV-1-
specific plasmablasts in chronically infected individuals (15, 16). Particularly affected
are memory B cells that become dominated by unconventional memory subsets like
activated (AM) and tissue-like memory (TLM) cells showing markers of exhaustion and
activation (17). Aberrations in the memory compartment result in the poor response to
vaccination and inability to develop protective secondary B cell responses that were
observed among HIV-1* individuals (18).

Detrimental effects of HIV-1 replication on T and B cells are also reflected in the hu-
moral response. Although HIV-1-specific antibodies develop already during the early
phase of the disease, they do not exhibit neutralizing activity. First neutralizing anti-
bodies appear only 3 to 13 weeks postinfection but soon become obsolete due to the
rapid evolution of the virus (19, 20). Only a small fraction of infected individuals de-
velop potent neutralizing antibodies able to neutralize a broad spectrum of viral quasi-
species (21). These antibodies appear at the late stages of the infection and show
uncommon modifications of the immunoglobulin structure as a result of the pro-
longed affinity maturation process (21, 22). Designing immunogens that induce bNAbs
has proven difficult, and optimizing Fc effector functions might be an alternative and/
or complementary strategy to enhance humoral immunity against HIV-1. Relying on
their Fc domain immunoglobulins can trigger activation of innate immune responses
such as complement deposition (ADCD), monocyte phagocytosis (ADCP), neutrophil
phagocytosis (ADNP), and cell killing by NK cells (ADCC). These functions act against
free virions as well as infected cells and have been found to play an important role in
HIV-1 infection (23-25). For example, ADCC and ADCP correlated with protection from
HIV-1 acquisition in the RV144 vaccine trial (26, 27) and experiments conducted on
nonhuman primates (28, 29). ADNP is negatively associated with viral load (VL) in
untreated HIV-1* individuals (30). The importance of ADCD was demonstrated by stud-
ies showing that inactivation of serum complement in humanized mice abrogates anti-
body-mediated protection from infection (31). Apart from having potent antiviral activ-
ity, antibodies that do not rely solely on their neutralizing ability lack unusual structural
traits observed among bNAbs and are therefore readily generated by infected subjects.
Collectively, these arguments make antibodies with a functional Fc portion (referred to as
functional antibodies throughout this article, although we recognize that neutralization is
also a function) a promising target for vaccine design or development of immunotherapies
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FIG 1 Functional composition of Env-specific CD4" T and pTfh cell responses present in the periphery of chronically HIV-1-infected untreated individuals.
(a) Gating strategy used to determine functions of memory CD4" T cells and pTfh cells. (b and ¢) Frequencies of CD45RO™ CD4" T cells (b) and CD45RO™"
CXCR5* CD4" T cells (c) producing CD40L, IFN-y, IL-4/13, or IL-21 in response to overlapping peptides spanning the Env protein. The frequencies are
expressed as a percentage of the parent population. Asterisks indicate the level of significance according to Friedman'’s test with Dunn’s post hoc test for
multiple comparisons. (d) Pie charts demonstrate the composition of Env-responding pTfh and CD4" T cells based on the cosecretion of the four measured
proteins. Each slice represents a distinct subset, while arcs surrounding the pie chart indicate which subsets express a certain protein. Differences between
the pie charts were assessed by the permutation test. (€) Shown is the mean frequency of subsets based on (co)expression of CD40L, IFN-y, IL-4/13, and IL-
21 in the two cell populations; Env-specific pTfh cells and Env-specific memory CD4* T cells. The frequency is expressed as a percentage of all cells
responding to the Env protein. Statistical significance was assessed by the Wilcoxon rank sum test. Shown is the average of eight independent

experiments.

that would cure the HIV-1 infection through the enhancement of innate immune
responses.

Despite the well-documented beneficial role of functional antibodies in HIV-1 dis-
ease, factors underlying their generation remain largely unknown. Here, we demon-
strate that the generation of HIV-1 Env-specific antibodies with functional properties is
linked to CD4* T cell help. The helper signals are transduced through the typical mole-
cules involved in B-T cell cross talk, the most prominent of which proved to be IL-21.

RESULTS

Env-specific pTfh cells have a distinct functional profile compared to Env-
specific memory CD4* T cells. Efficient antibody response against a protein target
normally depends on cognate CD4* T cell help in particular provided by Tfh and pTfh
cells. In the context of HIV-1/SIV-1 infection, generation of neutralizing antibodies
depends on Env-specific pTfh cells secreting IL-21, IL-4, and CD40L (9, 10). To deter-
mine Env-specific CD4" T and Env-specific pTfh cell functions that are involved in shap-
ing antibody responses, we stimulated peripheral blood mononuclear cells (PBMCs) of
chronically HIV-T-infected, treatment-naive individuals with a pool of overlapping pep-
tides based on a sequence of the Env protein and assessed the expression of CD40L,
IFN-y, IL-4/13, and IL-21 by flow cytometry (Fig. 1a). The average frequency of all Env-
specific cells was 0.54% (range, 0.22 to 1.06%) within the memory CD4* T cell popula-
tion defined as CD45RO* CD4™ T cells. In comparison, the frequency of Env-specific
cells within the pTfh cell population, defined as CXCR5" CD45RO* CD4* T cells, was
0.36% (range, 0.07% to 0.78%). The most frequent Env-specific memory CD4* T cells
were IFN-y*, followed by IL-4/13* and CD40L™*, while IL-21-secreting cells were compa-
rably rare (Fig. 1b). Conversely, Env-specific pTfh cells primarily secreted IL-21, followed
by IL-4/13, while IFN-yand CD40L expression remained significantly lower (Fig. 1c).

To assess the polyfunctionality of the Env-specific bulk CD4™ T cells and pTfh cells, we
performed combinatorial expression analysis of flow cytometric data that were graphed
and statistically analyzed using SPICE software (32). Comparing pTfth and CD4* T cells, we
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observed significantly different functional profiles (P < 0.0001), with pTfh cells showing a
more diverse spectrum of polyfunctional subsets than CD4* T cells. Env-specific pTfh cells
were divided into 7 subsets with an average frequency greater than 1%, while only 4 sub-
sets were identified in the case of bulk CD4* T cells. The most frequently represented sub-
sets within the responding pTfh cell population were those expressing exclusively IL-21
(mean, 46%; range, 21% to 64%), followed by the cells secreting only IL-4/13 (mean, 28%;
range, 0% to 64%) and cells secreting only IFN-y (mean, 11%; range, 0% to 24%).
Somewhat less frequent were subsets expressing IL-4/13 in combination with CD40L
(mean, 4%; range, 0% to 24%), IL-21 in combination with IL-4/13 (mean, 4%; range, 0% to
18%), IL-21 in combination with CD40L (mean, 3%; range, 0% to 7%), and IFN-y in combi-
nation with CD40L (mean, 3%; range, 0% to 7%). In contrast, Env-specific CD4* T cells
were dominated by the IFN-y single-positive cells (mean, 59%; range, 8% to 91%), followed
by IL-4/13-secreting cells (mean, 23%; range, 1% to 87%) and cells secreting IFN-y in com-
bination with CD40L expression (mean, 14%; range, 2% to 36%). Another subset that was
present at a frequency greater than 1% was the IL-21, IFN-y, and CD40L triple-positive sub-
set (mean, 2%; range, 1% to 8%). Apart from those, four additional CD4* T cell subsets
were observed in at least 50% of cases at lower frequencies: IL-4/13" CD40L* only, IL-21+
CDA40L™* only, IFN-y*" IL-217 only, and IL-217 only cells (Fig. 1d). When we compared the
prevalence of individual polyfunctional subsets between Env-specific pTfh and bulk CD4*
T cells, we found that the following subsets were significantly more prevalent in the pTfh
cell population: 1I-21* only (P=0.0008), IL-21* IL-4/13* only (P=0.012), and IL-21*
CD40L* only (P=0.018). Two of the subsets were more frequently found among the bulk
memory CD4* T cell population: IFN-y * only (P=0.0046) and IFN-y* CD40L* only
(P=0.024) (Fig. 1e).

Taken together, our results confirm that we detected Env-specific memory CD4+ T
cells and pTfh cells in the periphery of chronically HIV-1-infected individuals. Our data
suggest that Env-specific memory CD4™ T cells predominantly secrete IFN-y but rarely
IL-21, while pTfh cells mostly secrete IL-21 but rarely express IFN-y or CD40L. Moreover,
we observed significant differences in the polyfunctionality of the two cell populations.

Production of functional antibodies binding to the Env protein is associated
with the magnitude of Env-specific memory CD4* T cell and pTfh cell responses.
To investigate the role of CD4* T cell help in the context of Env-specific antibody gen-
eration, we next compared frequencies of memory CD4* T cells expressing CD40L,
IFN-y, IL-4/13, or IL-21 with the magnitude of Fc-dependent antibody effector functions
measured in their respective plasma. The correlation analysis showed significant posi-
tive associations between the frequency of memory CD4" T cells expressing IL-21 and
the following antibody functions: ADCD (r=0.74 and P=0.046), ADNP (r=0.83 and
P=0.015), and induction of IFN-y production by NK cells (r=0.74 and P=0.046).
Memory CD4" T cells expressing CD40L were positively associated with ADNP (r=0.74
and P=0.046) (Fig. 2a). Next, we investigated whether there is an association between
the frequency of polyfunctional subsets and the magnitude of functional antibody
responses. We found that the frequency of a rare population of Env-specific CD4" T
cells expressing CD40L and IL-21, but not IFN-y or IL-4/13, positively correlated with
plasma levels of antibodies activating NK cells (r=0.84 and P=0.013, r=0.81 and
P=0.019, and r=0.90 and P=0.0053 for CD107a, IFN-y, and MIP1 3 expression, respec-
tively). Another memory CD4* T cell subset coexpressing CD40L, IFN-y, and IL-21 but
not IL-4/13 significantly correlated with ADCD and ADNP (r=0.81 and P=0.022 and
r=0.86 and P=0.011, respectively) (Fig. 2a), indicating that memory CD4* T cells
expressing IL-21 and CD40L in combination or without IFN-y likely support the produc-
tion of functional antibodies targeting the Env protein.

We next examined the prevalence of Env-specific pTfh cells and their association
with the quality of antibody responses directed toward the Env protein. In particular,
the frequency of pTfh cells responding to stimulation with an Env peptide pool by the
production of IL-21 positively correlated with the level of ADNP-inducing (r=0.081 and
P=0.022) and NK cell-activating antibodies. In the case of NK cell-activating antibodies,
there was a significant correlation for all three measured responses, namely, CD107a,
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FIG 2 Env-specific memory CD4" T cell and pTfh cell responses but not VL are positively associated with the development of antibody-dependent innate
responses targeting Env protein. (a and b) The heat map illustrates correlation strength between the capacity of plasma to evoke antibody-mediated
innate responses (left) and frequency of CD4" T cells (a) or pTfh cells (b) expressing CD40L, IFN-y, IL-4/13, IL-21, or different combinations of those (top).
Each cell is color-coded with respect to Spearman’s r value of the corresponding correlation. Asterisks indicate the level of significance. (c) Graphs show
associations between the VL and plasma levels of Env-specific antibodies that induce Fc-dependent effector functions. The strength of correlations was

assessed by Spearman’s correlation test.

IFN-y, and MIP1 B expression (r=0.86 and P=0.011, r=0.93 and P=0.0022, and r=0.88
and P=0.0072, respectively). Another positive correlation we observed was between
the frequency of IL-4/13-secreting pTfh cells and antibodies inducing ADNP (r=0.081
and P=0.022) (Fig. 2b). To better understand the role of pTfh cells in the production of
Env-specific antibodies, we checked for correlations between the frequency of poly-
functional pTfh cell subsets present in the periphery of chronic HIV-1-infected individu-
als and the magnitude of antibody-mediated responses. Our analysis revealed that the
pTfh cell subset expressing exclusively IL-21 positively correlated with ADNP (r=0.074
and P=0.046) and NK cell activation (r=0.83 and P=0.015, r=0.88 and P=0.0072, and
r=0.86 and P=0.011 for CD107a, IFN-y, and MIP1 3 expression, respectively), while the
subset secreting only IL-4/13 showed a positive association with ADNP (r=0.81 and
P=0.022). Apart from the two single-positive subsets, a subset expressing CD40L, IFN-
v, and IL-21 but not IL-4/13 was linked to the production of antibodies capable of
mediating ADNP (r=0.76 and P=0.036) and inducing secretion of IFN-yand MIP1 in
NK cells (r=0.76 and P=0.036 and r=0.76 and P=0.036, respectively) (Fig. 2b). Our
data therefore suggest that Env-specific pTth cells are associated with the production of
functional antibodies by secretion of IL-21 or, to a lesser extent, IL-4/13. Coexpression of
CD40L and IFN-y seems to be optional.

Another possible driving force of HIV-1-specific antibody production might be the
level of antigen present in plasma as estimated by viral load analysis. Indeed, studies
have demonstrated that HIV-1-specific antibody levels dramatically decline with vire-
mia following the onset of antiretroviral therapy (ART) (33) and that the frequency of
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plasmablasts positively correlates with the viral load in HIV-1-infected viremic individu-
als (15). We therefore compared HIV-1 viral loads with the degrees of Env-specific anti-
body responses. Surprisingly, we observed a negative correlation between the VL and
ADCD (r = —0.054 and P=0.010) as well as ADCP (r = —0.48 and P=0.024) (Fig. 2¢).

Taken together, our results demonstrate that different subpopulations of Env-spe-
cific CD4* T cells expressing IL-21 alone or in combination with other proteins are asso-
ciated with the production of functional antibodies binding to the Env protein.
Moreover, the level of these antibodies in plasma was inversely correlated with the vi-
ral load, suggesting their capability to limit HIV-1 replication.

Activated Env-specific memory B cells are a likely source of antibodies triggering
innate immune responses. It has been previously shown that memory B cells become
activated and differentiate into antigen-secreting cells (ASC) during chronic HIV-1
infection (34). It is, however, not clear whether activated memory B cells produce HIV-
1-specific antibodies triggering innate immune responses. To investigate this, we per-
formed a flow cytometric analysis of B cells present in peripheral blood of chronically
HIV-1-infected and healthy individuals (Fig. 3a). Similar to previous reports, we
observed increased frequencies of memory B cells (IgD~ CD38-low B cells) and ASC
(IgD~ CD38-high B cells) in chronically HIV-1-infected individuals compared to healthy
controls (2.1-fold [P=0.0067] and 26.3-fold [P < 0.0001], respectively) (Fig. 3b). The
expansion of ASC was likely driven by viral replication, since we found a positive asso-
ciation between the frequency of ASC and viral load (r=0.55 and P=0042). Conversely,
the frequency of memory B cells was not linked to the viral load (Fig. 3c). Given the
positive association of viral load and the frequency of ASC but not memory B cells, we
assumed that the presence of viral antigens leads to activation of HIV-1-specific mem-
ory B cells and their differentiation into ASC. To test this, we identified Env-specific
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memory B cells using two fluorescently labeled trimeric Env proteins based on sequen-
ces of A and B clade isolates (BG505 SOSIP.664 [35] and AMCO11 SOSIP.v4.2 [36],
respectively). The average frequency of Env-specific memory B cells was 0.023% of all B
cells, with values ranging from 0 to 0.115%. When we compared levels of Env-specific
memory B cells with those of ASC, we found a significant positive correlation between
these parameters (r=0.55 and P=0.0017), supporting our hypothesis (Fig. 3d).
Furthermore, we analyzed the propensity of Env-specific memory B cells to differenti-
ate into ASC. We measured levels of two key proteins involved in this process, Blimp-1
and Ki-67. Blimp-1 is a master regulator of plasma cell differentiation, while Ki-67 serves
as an indicator of cell cycling. Both were significantly increased in Env-specific memory
B cells compared to bulk memory B cells of HIV-1-infected individuals (1.4-fold increase
[P=0.0006] for Blimp-1 and 1.4-fold increase [P=0.0068] for Ki-67) and healthy controls
(2.1-fold increase [P < 0.0001] for Blimp-1 and 1.7-fold increase [P < 0.0001] for Ki-67).
This indicates that Env-specific cells become activated by high antigenemia, clonally
expand, and differentiate into ASC (Fig. 3e).

We have shown that ongoing viral replication causes activation of Env-specific
memory B cells during chronic HIV-1 infection. To check whether this results in the pro-
duction of functional antibodies, we compared levels of antibody-mediated innate
immune responses measured in plasma of infected individuals with the frequency of
memory B cells. Indeed, the frequency of Env-specific memory B cells positively corre-
lated with the majority of the measured antibody functions (Fig. 4a). To find further
support for the idea, we compared levels of functional antibodies and the propensity
of Env-specific memory B cells to differentiate into ASC. Our data revealed that Blimp-1
levels of Env-specific memory B cells positively correlate with two of the measured
antibody functions. In particular, Blimp-1 expression significantly correlated with ADCD
and ADNP but also showed a trend toward a positive correlation with the rest of the
antibody functions (Fig. 4a).

It has been previously demonstrated that during chronic HIV-1 there is an increase
in the proportion of activated and exhausted memory subsets such as tissue-like mem-
ory (TLM), while numbers of resting memory (RM) cells decline (17). To determine
whether individual memory subsets are particularly associated with the production of
antibodies triggering innate immune responses, we identified the four most common
memory subsets in peripheral blood of HIV-1-infected individuals. The distinctions
between activated memory (AM), RM, TLM, and intermediate memory (IM) were made
based on the expression of CD21 and CD27 (AM, CD27* CD21~; RM, CD27* CD21%;
TLM, CD27~ CD21-; and IM, CD27~ CD21%). Similar to previous findings, we observed
elevated frequencies of TLM and AM cells and decreased RM cell levels in HIV-17 indi-
viduals compared to healthy controls. This was true for bulk memory B cells as well as
Env-specific memory B cells (Fig. 3f). A comparison of memory subset frequencies with
levels of functional antibodies revealed TLM as the most likely source of these antibod-
ies. Its frequency significantly correlated with ADNP and NK cell activation and showed
a trend toward a positive correlation with ADCP and ADCD (Fig. 4b). None of the other
three subsets showed an association with any of the antibody functions. To consoli-
date the theory of TLM as the memory subset mainly contributing to antibody produc-
tion, we correlated intracellular Blimp-1 expression levels in TLM cells with antibody-
mediated responses. Strikingly, we found strong associations with all of the measured
antibody activities (Fig. 4b).

Taken together, our results demonstrated that activation of Env-specific memory B
cells is linked to the production of antibodies triggering innate immune responses. In
particular, the TLM subset was strongly associated with the antibody functions.

Env-specific pTfh cells possibly shift the subset distribution of cognate memory B
cells toward TLM and are associated with their differentiation into ASC. Our findings
suggest that the generation of Env-specific antibodies mediating innate immune
responses depends on certain CD4* T cell subsets. To investigate whether Env-specific
CD4* T cells influence the antibody production by providing signals to cognate mem-
ory B cells, we first compared their frequencies and Blimp-1 expression level with the
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FIG 4 Env-specific memory B cells are associated with the production of antibodies triggering innate immune responses. (a) Graphs show correlations
between the frequency of Blimp-1 expression levels of Env-specific memory B cells and plasma levels of Env-specific antibodies that induce Fc-dependent
effector functions. (b) The same correlative relationships are shown for the tissue-like memory B cells (TLM). The strength of correlations was assessed by

Spearman’s correlation test.

frequencies of memory CD4" T cells expressing CD40L, IFN-y, IL-4/13, or IL-21. We
found that the bulk memory CD4* T cells expressing CD40L or IL-21 positively corre-
lated with the levels of Env-specific memory B cells (r=0.74 and P=0.046 and r=0.79
and P=0.028, respectively). No associations were found with the frequency of TLM
cells or the propensity of memory B cells to differentiate into ASC (Fig. 5a). To obtain a
deeper insight, we next assessed possible associations between the prevalence of poly-
functional Env-specific CD4* T cells and memory B cells. We observed that the fre-
quency of bulk Env-specific memory B cells increases with the frequency of CD4™ T
cells expressing CD40L, IL-21, and IFN-y but not IL-4/13 (r=0.90 and P=0.0046). The
same subset frequency was significantly correlated with high levels of Env-specific anti-
bodies evoking innate immune responses, suggesting its prominent role in providing
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FIG 5 Frequency and Blimp-1 levels of Env-specific memory B cells positively correlate with the same functional CD4* T and pTfh cell subsets as antibody-
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functions (top). Each cell is color-coded with respect to Spearman’s r value of the corresponding correlation. Asterisks indicate the level of significance.

signals to cognate B cells. Interestingly, no associations were found between Env-spe-
cific memory CD4™" T cells and TLM, suggesting that bulk memory CD4" T cells contrib-
ute to antibody production exclusively by the generation or sustaining of cognate
memory B cells (Fig. 5a).

Next, we investigated whether pTfh cells influence the frequency and activation of
Env-specific memory B cells. Indeed, our data showed that the prevalence of Env-spe-
cific pTfth cells secreting IL-4/13 significantly correlated with the memory B cell fre-
quency (r = 0.074 and P=0.046). Furthermore, the frequency of pTfh cells expressing
IL-21 positively correlated with the percentage of TLM (r=0.94 and P=0.017). This sup-
ports the observation that Env-specific pTth cells expressing IL-21 play a key role in the
production of antibodies triggering innate effector functions (Fig. 5b). To get a more
detailed picture of the interplay between Env-specific pTfh cells and memory B cells,
we compared the frequency and Blimp-1 levels of the latter with frequencies of differ-
ent polyfunctional pTfh cell subsets. In line with our previous findings, we observed
that the frequency of Env-specific memory B cells increased with that of pTfh cells
secreting exclusively IL-4/13 (r=0.74 and P=0.046) and the subset coexpressing
CD40L, IL-21, and IFN-y (r=0.76 and P=0.036). Our data also revealed an association
between the frequency of TLM and pTfh cells secreting exclusively IL-21 (r=0.96 and
P =0.0023). Moreover, the TLM cell frequency positively correlated with the frequency
of cells expressing CD40L and IL-4/13 but not IL-21 or IFN-y, revealing another subset
that contributes to the skewing of memory B cells toward TLM (r=0.97 and P=0.0015).
Considering the tendency of TLM to differentiate into ASC, we found that pTfh cells
expressing IL-21 are the main subset responsible for Blimp-1 upregulation (r=0.94 and
P=0.017) (Fig. 5b). Our results therefore suggest that pTfh cells expressing IL-4/13 or
IL-21 in combination with CD40L and IFN-y are linked to high frequencies of Env-spe-
cific memory B cells. pTfh cells secreting IL-21 alone are associated with the expansion
and differentiation of TLM cells into ASC. Moreover, the pTfh cells expressing IL-4/13
possibly direct memory B cells toward the TLM phenotype, but only in combination
with CD40L expression.
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Collectively, our data indicate that Env-specific CD4* T and pTfh cells expressing IL-
4/13, or a combination of CD40L, IL-21, and IFN-y, are associated with high levels of
cognate memory B cells. Meanwhile, the frequency of TLM cells and their tendency to
differentiate into ASC correlates with the frequency of pTfh cells expressing IL-21.

DISCUSSION

HIV-1 readily infects virus-specific CD4™ T cells and affects their functional composi-
tion. The outcome is a desynchronized helper activity that causes anomalies in the B
cell compartment and hinders the formation of an effective humoral response.
Nevertheless, CD4* T cells are vital for the formation of an adaptive immune response
against HIV-1. In particular, HIV-1-specific pTfh cells were associated with the produc-
tion of protective broadly neutralizing antibodies and control over viremia (8-12).
However, broadly neutralizing antibodies require an extensive maturation process and
generally emerge not earlier than 2 to 3years after the infection in a fraction of cases
(37). Conversely, antibodies whose antiviral function relies on the Fc portion can be
detected already during the early stages of infection (25, 38). Furthermore, it is well
documented that antibody-dependent innate immune responses correlate with pro-
tection from HIV-1 acquisition in vaccine trials (26, 28) and that patients who spontane-
ously suppress HIV-1 infection exhibit potentiated Fc-dependent antibody activities
(23, 39-41). It is, therefore, of great importance to elucidate CD4* T cell functions driv-
ing the production of such antibodies. Here, we demonstrate that the production of
HIV-1 Env-specific antibodies with functions beyond neutralization likely depends on
cognate CD4* T and pTfh cells secreting IL-21 alone or in combination with CD40L,
IFN-y, or IL-4/13.

CD4* T cells are an indispensable component of our immune system orchestrating
functions of innate and adaptive immune cells (42); by providing survival and differen-
tiation signals to B cells, they support multiple steps of antibody production. During
HIV-1 infection, selective depletion of HIV-1-specific CD4* T and pTfh cells takes place
along with the alteration of their functional composition (1, 6). It has been previously
demonstrated that CD4" T cells of chronically HIV-1-infected individuals predomi-
nantly express IFN-y but rarely IL-21, while the pTfh cell population produces larger
amounts of IL-21 than of IFN-y (9, 14). Moreover, both populations have decreased
capacity to express CD40L in settings of HIV-1 infection (13, 14). In line with these find-
ings, we demonstrated that the Env-specific CD4" T cell population produces large
amounts of IFN-y, intermediate levels of IL-4/13 and CD40L, and low levels of IL-21.
Conversely, the Env-specific pTfh cell population responded to stimulation with Env-
based peptides predominantly by expression of IL-21 and IL-4/13, while the frequency
of pTfh cells expressing CD40L and IFN-y remained low. Further differences in the
expression profiles of these two subsets were revealed by the analysis of polyfunction-
ality, where the pTfh cell population proved to have a more diverse array of subsets.

Next, we assessed the role of Env-specific CD4* T and pTfh cell responses in the
production of antibodies triggering innate immune responses. For both populations,
IL-21 secretion was the best correlate of functional antibody production. This is in con-
cordance with previous studies highlighting the association of IL-21 with controller sta-
tus (12) and broadly neutralizing antibody responses in HIV-1/SIV-1 infection (10, 43).
Further helper functions linked to antibody-dependent innate responses included
CD40L and IL-4/13 expression. Both were previously associated with the magnitude of
B cells and neutralizing antibody responses directed against SIV (10). Interestingly, bulk
CD4* T cells only correlated with antibody-mediated innate functions when they
expressed IL-21 in combination with other proteins, while in the pTfh cell population,
IL-21 expression alone was sufficient. This suggests a superior role of Env-specific pTfh
cells in the production of antibodies with a functional Fc portion. Another molecule
that might influence the production of functional antibodies is PD-1, whose expression
on pTfh cells was previously associated with HIV-1 neutralization (8). We did not
observe any correlations between the Fc-dependent antibody functions and PD-1
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expression on pTfh cells, suggesting that PD-1 is not a critical factor for the production
of antibodies with functional a Fc domain yet may be a factor for neutralization
capacity. Interestingly, ADCP was the only function that did not significantly correlate
with any of the measured CD4" T cell or pTfh cell functions. However, we observed a
clear positive trend with IL-4/13- and IL-21-secreting memory CD4* T and pTfh cells
and a significant correlation between the ADCP and Blimp-1 expression level of TLM
cells that was, in turn, positively associated with IL-21-secreting pTfh. Collectively,
these arguments make the conclusion that ADCP does not depend on CD4* T cell help
premature. Apart from T cell help, antibody response depends on the presence of anti-
gen in the circulation. Surprisingly, however, we observed a negative relationship
between innate functions measured in plasma and viral load, indicating that these
antibodies might limit viral replication during the chronic stage of the disease.

Memory B cells of chronically HIV-1-infected individuals are prone to differentiate
into antibody-secreting cells (16, 34) and are associated with the production of HIV-1-
specific antibodies (44, 45). In accordance with these findings, we observed increased
levels of Blimp-1 and Ki-67 in memory B cells of HIV-1* individuals, indicating their
increased propensity to proliferate and differentiate into ASC. The highest levels of the
two proteins harbored Env-specific memory B cells, suggesting antigen-dependent
activation. The frequency of Env-specific memory B cells and their Blimp-1 levels were
positively associated with most of the measured antibody functions. These associations
became even more obvious when we compared levels of antibody effector functions
with the frequency of different Env-specific memory B cell subsets and their Blimp-1
levels. An unusual memory subset known to be expanded in HIV-1 infection (17) and
harbor a large proportion of HIV-1-specific memory B cells (46) was highly associated
with levels of antibodies triggering innate immune responses. Our findings, therefore,
propose tissue-like memory B cells as a likely source of functional antibodies targeting
Env protein.

HIV-1-specific pTfh cells were previously shown to promote antibody secretion by
memory B cell (47, 48). We therefore checked whether Env-specific CD4* T cells and
pTfh cells influence the frequency of cognate memory B cells and their Blimp-1 levels
in chronic individuals. Indeed, the same functional subsets that were associated with
the production of functional antibodies showed positive correlations with memory B
cell levels and their differentiation potential. While Env-specific CD4* T cells only corre-
lated with the frequency of bulk Env-specific memory B cells, pTfh cells also correlated
with the frequency of TLM and their Blimp-1 levels. That confirms the prominent role
of pTfh cells in the induction of antibody response triggering innate immunity.

Taken together, our results show that HIV-1-specific CD4" T cells and pTfh cells
secreting IL-21 alone or together with other stimulatory proteins are linked to the for-
mation of cognate memory B cells and possibly contribute to their differentiation into
ASC. This might lead to the production of antibodies mediating innate immune func-
tions associated with control of viral replication.

MATERIALS AND METHODS

Study participants. Peripheral blood samples from 39 chronically HIV-1 infected individuals were
used for this study. All participants were untreated and had a viral load ranging from 955,100 to below
40 copies per milliliter of blood. The average age in the cohort was 42 + 11 (mean * standard deviation
[SD]) years, and 23% of the participants were females. Samples were collected at the University Hospital
Essen in Germany as a part of the SCABIO clinical study aimed at understanding immunological changes
in HIV-1 infection to define strategies for HIV-1 treatment, cure, and vaccination. Measurements of HIV-1
viral load were performed by the central diagnostics laboratory of University Hospital Essen using the
standard clinical procedure.

Ethics statement. All individuals participating in this study provided written informed consent. The
SCABIO study was approved by the Ethics Committee of the Medical Faculty of the University of
Duisburg-Essen, Germany (approval number 17-7846-BO). The local institutional review board (IRB) of
the University Duisburg-Essen approved the performed laboratory testing and in vitro studies.

Enrichment of B cells by magnetic separation. Cryopreserved PBMCs were thawed in R10 medium
(RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, penicillin [100
U/ml], and streptomycin [100g/ml]) and rested at 37°C and 5% CO, overnight. The next morning, cells
were counted and subjected to magnetic cell separation using the EasySep human pan-B cell
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enrichment kit. The separation was performed according to the manufacturer’s protocol. Briefly, the anti-
body cocktail recognizing antigens on the surface of non-B cells was added to the cells, followed by the
addition of magnetic particle suspension. Tubes containing cells were then inserted into a magnet,
allowing immobilization of all cells present in peripheral blood except B cells. Untouched B cells were
then separated from the immobilized cells by decanting. The purity of isolated B cells was greater than
90%.

Phenotypic analysis of B cells by flow cytometry. Enriched B cells were resuspended in staining
buffer (phosphate-buffered saline [PBS] supplemented with 2% heat-inactivated fetal calf serum) with
added anti-CD4-BV510 (clone RPA-T4) antibody and incubated for 10 min at 4°C. After a washing step, a
mixture of recombinant, biotinylated HIV-1 Env proteins (BG505 SOSIP.664 [35] and AMCO11 SOSIP.v4.2
[36]) was added to the cells at an equimolar ratio. Binding of Env probes was carried out at 4°C for 1h,
after which cells were fixed in 2% formaldehyde. Before proceeding with the staining process, each sam-
ple was split into two equal portions for two different antibody panels. The first portion was stained
with streptavidin-allophycocyanin (APC) and streptavidin-BV421 premixed at a 1:2 molar ratio, while the
second with streptavidin-phycoerythrin (PE)-Cy7 and streptavidin-BV421 premixed at an equimolar ratio.
The ratio of streptavidin conjugates was pretitrated to achieve comparable fluorescence intensities of
the two fluorochromes used together. Cells were then washed in a serum-free medium and stained with
Zombie Aqua viability dye. Before the surface marker staining, cells were incubated in a solution of anti-
body binding to human Fc receptors (FcR blocking reagent; Miltenyi Biotec) to reduce unspecific anti-
body binding. Two different panels of antibodies were used, the first including anti-CD3-BV510 (clone
UCHT1), anti-CD19-APC-Cy7 (clone HIB19), anti-CD21-fluorescein isothiocyanate (FITC) (clone Bu32),
anti-CD27-AF700 (clone 0323), anti-CD38-BV605 (clone HIT2), anti-lgD-BV786 (clone 1A6-2), anti-CD279-
PE-Cy7 (clone EH12.2H7) and the second including anti-CD3-BV510 (clone UCHT1), anti-CD19-APC-Cy7
(clone HIB19), anti-CD21-FITC (clone Bu32), anti-CD27-AF700 (clone 0323), anti-CD38-BV605 (clone
HIT2), and anti-lgD-BV786 (clone 1A6-2). Surface staining was performed at 4°C for 15 min. Next, cells
were fixed and permeabilized (Foxp3/transcription factor staining buffer set; eBioscience) for 45 min and
stained for intracellular antigens using anti-Ki-67-PE-Dazzle (clone Ki-67) and anti-AhR-PE (clone
T49.550) for the first panel and anti-Blimp1-PE-Dazzle (clone 6D3), anti-AID-APC (EK2-5G9), and anti-
AhR-PE (clone T49.550) for the second panel. Cells were incubated at 4°C for 30 min and subsequently
washed with PBS. All used antibodies and probes were used in pretitrated concentrations. Labeled cells
were analyzed with a BD FACS Celesta flow cytometer. Compensation was performed with single-
stained capture beads (CompBeads). Possible fluctuations in laser intensity were measured every time
before the experiment, using multifluorescence calibration beads (Rainbow calibration particles). If
needed, detection voltages were adjusted to maintain equivalent fluorescence readings throughout the
experiment. Data were analyzed with FlowJo v9.4.1.

Assessment of CD4™ T cell functional profile by flow cytometry. Cryopreserved PBMCs were thawed
in R10 medium and rested at 37°C and 5% CO, overnight. Cells were counted the next morning and
plated onto 24-well plates. To achieve stimulation of Env-specific CD4™ T cells, two different pools of
overlapping peptides spanning the entire HIV-1 Env proteome were added to each specimen. The first
pool of peptides was based on a consensus sequence of clade B HIV-1 isolates and the second on clade
A HIV-1 isolates. The final concentration of each peptide present in the two pools was 1 ug/ml. A mix-
ture of anti-CD28 and anti-CD49d antibodies was added for costimulation. For a negative control, cells
were treated equally without the addition of peptides; for a positive control, cells were stimulated with
phorbol myristate acetate (PMA) and ionomycin. After 1 h of incubation, Golgi Stop and Golgi Plug pro-
tein trafficking inhibitors were added and stimulation was continued for 5 more hours. Stimulated cells
were then washed with PBS and subsequently stained with Zombie Aqua viability dye. Next, cells were
washed with staining buffer, and a cocktail of antibodies against surface antigens was added: anti-CD8-
AF488 (clone RPATS), anti-CD45R0-BV605 (clone UCHL1), anti-CXCR5-BV785 (clone J252D4), and anti-
CD279-PE-Cy7 (clone EH12.2H7). After surface staining, cells were fixed and permeabilized (Fix/Perm kit)
to allow staining of intracellular antigens. The mixture of antibodies for intracellular staining was com-
posed of anti-CD3-AF700 (clone OKT3), anti-CD4-APC-Cy7 (clone RPA-T4), anti-CD40L-PE-Dazzle (clone
TRAP1), anti-IFN-y-PE (clone B27), anti-IL-21-APC (clone 3A3-N2), anti-IL-4-BV421 (clone MP4-25D2), and
anti-IL-13-BV421 (clone JES10-5A2). Finally, cells were washed in PBS and acquired on a BD FACS Celesta
flow cytometer. Incubation steps required for staining and fixation of cells were carried out at 4°C for
15 min. All antibodies and staining reagents were used in pretitrated amounts. Compensation was per-
formed with single-stained capture beads (CompBeads), and fluctuations in laser intensity were meas-
ured every time before the experiment, using multifluorescence calibration beads (Rainbow calibration
particles). Detection voltages were adjusted accordingly to maintain equivalent fluorescence readings
throughout the experiment. Data were analyzed with FlowJo v9.4.1.

Measurement of ADCP, ADNP, and ADCD. Antibody-dependent cellular phagocytosis (ADCP), anti-
body-dependent neutrophil phagocytosis (ADNP), and antibody-dependent complement deposition
(ADCD) assays were performed as previously described (49-51). In brief, a mixture of biotinylated BG505
SOSIP.664 and AMCO11 SOSIP.v4.2 proteins was coupled to 1-um yellow (ADCP and ADNP) and red
(ADCD) fluorescent neutravidin beads for 2 h at 37°C. Excess antigen was removed with three washes
with 0.1% bovine serum albumin in PBS. Next, 1.82 x 108 antigen-coated beads were added to each
well of a 96-well round-bottom plate and incubated with various dilutions of plasma samples in PBS
(ADCP, 1:100, 1:200, and 1:800; ADNP, 1:50, 1:100, and 1:200; and ADCD, 1:10, 1:40, and 1:80) at 37°C for
2 h. After the formation of immune complexes, beads were washed once with PBS. For ADCP, 2.5 x 10*
THP-1 cells were seeded into each well of a microtiter plate and rested for 16 h at 37°C. The cells were
then combined with fluorescent beads carrying immune complexes. To assess neutrophil-mediated
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phagocytosis, blood from healthy donors was treated with ammonium-chloride-potassium (ACK) lysis
buffer. A total of 5x 10* erythrocyte-free cells were added per well and incubated for 1 h at 37°C.
Subsequently, cells were stained with an anti-Cd66b-Pacific Blue (clone G10F5) antibody to allow the
detection of neutrophils. For the ADCD assay measuring antibody-dependent complement deposition
of C3, lyophilized guinea pig complement was first reconstituted with deionized water and further
diluted in gelatin Veronal buffer containing Mg?* and Ca?*. The complement solution was then combined
with immune complexes for 20 min at 37°C. After washing twice with 15mM EDTA in PBS, immune com-
plexes were stained using fluorescein-conjugated goat IgG fraction to guinea pig complement C3. Finally, all
samples were fixed in 4% paraformaldehyde and acquired on an Intellicyt iQue Screener Plus flow cytometer
equipped with a robotic plate-loading arm. All events were gated on single cells and bead positive events.
For ADCP and ADNP, a phagocytosis score was calculated as the percentage of bead positive cells x geo-
metric mean fluorescence intensity (GMFI)/1,000. For ADCD, the median of C3 positive events is reported. All
samples were run in duplicate on different days. Area under the curve (AUC) was calculated based on three
different plasma dilutions using GraphPad Prism.

Measurement of antibody-dependent NK cell activation. For analysis of NK cell-related responses,
96-well enzyme-linked immunosorbent assay (ELISA) plates were coated with a 1:1 mix of BG505
SOSIP.664 and AMCO11 SOSIP.v4.2 at 3 ug/ml in PBS at 37°C for 2 h. The plates were then washed and
blocked with 5% bovine serum albumin (BSA) in PBS overnight at 4°C. NK cells were isolated from buffy
coats from healthy donors (Massachusetts General Hospital [MGH] blood donor center) using the
RosetteSep NK enrichment kit. Isolated NK cells were then rested overnight in the presence of IL-15
(1 ng/ml). Plasma samples were diluted 1:20, 1:40, and 1:80 in PBS and added to antigen-coated wells to
allow immune complex formation. A staining cocktail of anti-CD107a-PE-Cy5 (clone H4A3), brefeldin A,
and monensin was added to NK cells before they were transferred to plates with immune complexes. A
total of 5 x 10* NK cells were incubated in each well for 5 h at 37°C. Afterward, cells were fixed and
stained for surface markers with anti-CD16-APC-Cy7 (clone 3G8), anti-CD56-PE-Cy7 (clone B159), and
anti-CD3-Pacific Blue antibodies (clone UCHT1). Subsequently, cells were permeabilized using Perm
buffer and intracellular staining with anti-IFN-»-FITC (clone 25723.11) and anti-MIP-13-PE (clone D21-
1351) was performed. Samples were acquired on Intellicyt iQue Screener Plus flow cytometer equipped
with a robotic plate-loading arm. NK cells were defined as CD3~, CD16*, and CD56 . The assay was per-
formed in duplicate across two blood donors, and AUC was calculated based on three different plasma
dilutions using GraphPad Prism.

Statistical analysis. Statistical analysis and graphing of the data were performed using GraphPad
Prism and SPICE software. Statistical significance of differences between two groups was analyzed with
the Wilcoxon rank sum or Mann-Whitney test, and differences between the pie charts were assessed by
permutation test. Comparisons between three or more groups were assessed by one-way analysis of var-
iance (ANOVA) (Friedman'’s test for matched data and the Kruskal-Wallis test for the unmatched data) in
case of one independent variable and two-way ANOVA for two independent variables. Corrections for
multiple comparisons were performed by Dunn’s test for one-way ANOVA and Dunnett’s test for two-
way ANOVA. The strength of correlations was assessed by Spearman'’s correlation test. Statistical signifi-
cance is indicated by the following annotations in figures: *, P<0.05; **, P<0.01; ***, P<0.001; and
*xx P <0.0001.
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