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Chapter 3

Abstract

Delivery of CD4* T-cell help optimizes CD8* T-cell effector and memory responses
via CD40-mediated licensing of conventional dendritic cells (DCs). Using comparative
vaccination settings that prime CD8* T cells in presence or absence of CD4* T-cell
help, we observed that CD4* T-cell activation promoted influx of monocytes into
the vaccine-draining lymph nodes (dLNs), where they differentiated into monocyte-
derived (Mo)DCs, as defined by the most recent standards. Abrogation of these
responses by CCR2-targeted depletion indicated that monocyte-derived cells in the
dLN promoted T-helper 1 (Th1) type effector differentiation of CD4* T cells, as well as
clonal expansion and effector differentiation of CD8* T cells. Monocyte-derived cells in
dLNs upregulated CD40, CD80 and PD-L1 as a result of CD4* T-cell help. The response
of monocyte-derived cells to CD4* T-cell help was independent of natural killer (NK)
cells and proceeded via CD40 ligand (L)-CD40 interactions and IFNy signaling. Our data
argue for a scenario wherein activated CD4* T cells in dLNs crosstalk via CD40L and
IFNy signals to monocytes, promoting their local differentiation into MoDCs. This event
enhances formation of CD4* Th1 and CD8" cytotoxic effector T cell pool, most likely by
virtue of their improved costimulatory status and cytokine production.
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Introduction

Adaptive immune responses by T and B cells are critical for pathogen control and
successful vaccination because they generate memory and long-term protection. T-cell
priming depends on conventional (c)DCs that present antigen and, upon activation,
deliver costimulatory signals and cytokines essential for activation, clonal expansion
and effector differentiation of CD4* and CD8* T cells. Pre-cDCs enter peripheral tissues
and secondary lymphoid organs at steady-state via the blood and there become
competent migratory (m)cDC or LN-resident (r)cDC subsets respectively’?. Generally,
cDCs have optimal phagocytic capacities and scavenge their environment for soluble
or cell-associated antigens. Migratory cDCs expressing the chemokine receptor CCR7
bring self-antigens derived from apoptotic cells at steady state to dLNs and thereby
promote self-tolerance4. Apart from this, soluble antigens can passively drain to
LNs via the lymphatics. At steady state, rcDCs and, in particular rcDC2s are localized
near lymphatic sinuses®, where they can rapidly sense draining antigens. RcDC1s are
more homogeneously distributed throughout the T-cell zone where antigen delivery
is limited“. The relative contribution of mcDCs versus rcDCs to T-cell priming depends
on antigen load and location®. Upon infection, cancer, or vaccination, cDCs become
activated by pathogen- or damage-associated molecular patterns (PAMPs or DAMPs).
As a result, their migration to dLNs is intensified and foreign antigens are efficiently
delivered for T-cell activation®. CD4* T cells recognize antigens in the context of MHC
class Il (MHC-11) and are therefore geared at communication with professional antigen-
presenting cells, including myeloid cells and B cells’.

The response of both CD8* cytotoxic T lymphocytes (CTLs) and antibody-producing B
cells relies on CD4* T-cell help, which is delivered during priming in dLNs and spleen®°.
CD4* and CD8&"* T-cell priming is the resultant of multiple T cell-DC interactions involving
different cDC types. The cDC2s excel at antigen presentation in MHC-II molecules and
are generally important for initial CD4* T-cell activation'®!!, while cDC1s have superior
capacities for processing and presenting exogenous cell-associated antigens in MHC-I
molecules, a process called cross-presentation!?*3, Therefore, cDC1s are important
for CD8* T-cell activation'**, CD4* and CD8* T cells can initially be activated by
separate cDC types, but in response to chemokine cues, they can engage subsequently
in antigen-specific interactions with the same (r)cDC1*>*®, In this scenario, CD4* T
cells deliver help for CTL-effector and memory differentiation®*” by optimizing the
antigen-presenting and costimulatory capacities of the cDC13*8, Interactions between
CD40L on the activated CD4* T cell and CD40 on the cDC1, as well as interferon (IFN)-I
signals, are key in this help/“licensing” process'”*?2, CD4* T-cell help instills via the
c¢DC1 in CD8" T cells optimal cytotoxic and effector-memory functions via specific
transcriptional programs?24,
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Next to cDCs, other innate cell populations can directly or indirectly impact T-cell
responses during priming. For example, plasmacytoid (p)DCs provide IFN-I to cDC1
cells to optimize help for the CD8* T-cell response?®. In addition, upon infection or
inflammation with diverse pathogens and/or delivery of type | inflammatory signals,
monocytes were found to infiltrate the dLN and differentiate locally into CD11c*MHC-
II" monocyte-derived (Mo)DCs?*~%8. Monocytes also infiltrate the site of infection and
likewise form MoDCs locally?”32, Whereas monocytes exit the bone marrow in a
CCR2-dependent manner®3, their recruitment to the dLN can occur both on basis of
CCR2 binding to CCL23* or by CCR2-independent mechanisms?”33*5-%7, The mode of
recruitment from the circulation may depend on the anatomical location of the dLN%.

In various model systems, MoDCs promoted CD8* and/or CD4* T-cell responses,
quantitatively and/or qualitatively?®23839, Several studies using adoptively transferred
monocytes show that MoDC progeny of these cells perform antigen uptake and delivery
to dLN3%4041 However, it is debated how efficient MoDCs are at antigen-presentation
and T-cell priming®, particularly in view of the recent identification of a subset of
‘inflammatory’ cDC2s, which are bona fide cDCs, but are phenotypically very similar to
MoDCs*. In vitro co-culture models have shown that MoDCs loaded with exogenous
antigen can induce T-cell activation, but are less competent than cDCs in T-cell priming,
particularly in response to cell-associated antigens'**. In vivo, injected monocytes were
observed to transport bacterial antigen to lymph nodes, but cDCs were responsible
for CD4* T-cell priming?¢. Current data argue that MoDCs modulate the T-cell response
subsequent to cDC-mediated de novo activation, particularly in terms of effector
differentiation?*3°. MoDCs can make specific cytokines including IL-12, express CD40
and various costimulatory ligands and are therefore likely candidates to help shape T-cell
responses*. IL-12 production by MoDCs has been implicated in promoting T-cell effector
differentiation?®%*. In this study, we demonstrate that the communication between
activated CD4* T cells and MoDCs is bidirectional: MoDCs respond to CD4* T-cell help via
CD40- and IFNg signaling, creating a feed-forward loop for Th1 effector differentiation.

Results

The vaccination model system and myeloid cell detection

To determine the impact of CD4* T-cell help on myeloid cell populations in the priming LN,
we used a vaccination model that has previously revealed the effects of CD4* T-cell help
on effector and memory CD8* T-cell responses®?*%>, In this model, mice are vaccinated
with plasmid DNA encoding the relevant antigens by “tattoo” application in depilated
skin, on days 0, 3 and 6. This procedure leads to expression of the vaccine-encoded
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protein in keratinocytes, its permeation to the dermis and its passive drainage, as well
as active delivery by cDCs to the dLN*®. The vaccination procedure is very potent, since
the plasmid DNA delivered into the cytosol of keratinocytes acts as a DAMP and the skin
damage by the tattoo needles likely also contributes to innate immune cell activation.
Delivery of vaccine antigens to cDCs in the dLN occurs within 24 h post-vaccination®®.
We use two different vaccines that both encode a gene-shuffled version of the human
papilloma virus (HPV)16-E7 protein including the immunodominant MHC-I restricted
epitope E75.57. The Help vaccine encodes in addition linked dominant MHC-Il-restricted
helper epitopes including PADRE*, while the No Help vaccine does not*® (Figure 1A).
Comparing the effects of these two vaccines side-by-side allowed us to directly assess
the contribution of CD4* T-cell activation to the immune response. The CD4* T cells
adopt a Thl effector phenotype in this model*. To follow the impact of CD4* T-cell
activation on the myeloid cell compartment, we designed a spectral flow cytometry
panel that reliably identifies monocyte-derived cells including MoDCs, migratory and
resident cDC1s and cDC2s, pDCs and neutrophils (Figure 1B).

Vaccine-induced CD4* T-cell activation increases MoDC frequency in
the dLN

CD4* T cells specific for the PADRE antigen were detectable in the dLN from day 4 after
the first vaccination onwards in the Help setting only, thus validating the experimental
set up (Figure 2A). The frequency of MoDCs, as defined by a CD11b*Ly6C*MHC-II™CD11c*
phenotype (Figure 1B) increased the day after each vaccine dose (i.e., days 1, 4 and 7)
and decreased over the next two days in both Help and No Help settings (Figure 2B).
However, on day 5 and day 7, when antigen-specific CD4* T cells had strongly expanded in
response to the Help vaccine, the frequency of MoDCs was significantly higher in the dLN
of mice that had received Help compared to No Help vaccination (Figure 2B). Zooming in
on day 5 post vaccination, the frequency of total Ly6C*CD11b* monocyte-derived cells
was significantly higher after Help vaccination in the dLN and not in the contralateral
non-draining (nd)LN (Figure 2C, D). MHC-II and CD11c expression on Ly6C*CD11b*
monocyte-derived cells in the dLN was higher than in the ndLN in both Help and No
Help vaccination settings (Figure 2E). These findings align with earlier observations that
upon type 1 immune challenges by infection or adjuvants, Ly6C*CD11b* monocytes enter
the dLN from blood and locally differentiate into MoDCs that have increased expression
of MHC-Il and CD11c?*%”%, The majority of monocytic cells found in the dLN at day 5
after vaccination had a Ly6C*CD11b*MHC-II"CD11c* phenotype and their frequency
was higher in the Help setting than in the No Help setting (Figure 2F). Help vaccination
did not alter the frequencies of migratory and resident cDC1s and cDC2s, as compared
to No Help vaccination (Supplementary Figure 1A). In both vaccination settings, the
frequency of migratory cDC2s was higher in the dLN than in the ndLN (Supplementary
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Figure 1A). Neutrophil frequencies were comparable after Help and No Help vaccination

(Supplementary Figure 1B), while pDC frequencies were lower after Help vaccination,

in both dLN and ndLN (Supp
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Figure 1. Vaccination model system and flow cytometric gating of myeloid cell populations.

(A) Schematic representation of Help or No Help DNA vaccine constructs and immune cell engagement.
The indicated helper epitopes P30, PADRE and NEF were selected on human HLA-DP, -DR and DQ-binding.
P30 and PADRE epitopes also bind to MHC-Il in C57BL/6 mice*"*. PADRE is a synthetic epitope consisting of
amino acids AKFVAAWTLKAA and is presented by H2-IA®. The HPV-E7 protein is encoded by a shuffled gene
to avoid cell transformation upon transfection and encodes one immunogenic H2-D°-restricted epitope E7ss.57
(RAHYNIVTF) and no helper epitopes, as validated in“t. (B) Representative gating strategy for detection of
monocyte-derived cells and MoDCs, migratory and resident cDC1s and cDC2s, pDCs and neutrophils. Mice
were vaccinated with Help or No Help at day 0 and day 3. At day 5, single cell suspensions of dLN and ndLN
were analyzed. Data presented are from a representative dLN sample vaccinated with No Help.
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To correctly define MoDCs, we used a set of lineage-specific markers that discern
MoDCs from rcDC1s and rcDC2s and from the recently described inflammatory
cDC2s*. In both Help and No Help settings, levels of MHC-Il and CD11c on MoDCs were
comparable to those on rcDC1s, while levels of CCR2 and CD64, markers of monocytic
cells and inflammatory cDC2s%2*? were higher on MoDCs than on rcDC1s and rcDC2s
(Figure 2G). Levels of these markers on MoDCs did not differ between Help and No
Help settings (Supplementary Figure 1D). Low CD26 levels discriminated MoDCs as
monocyte-derived cells from cDC1s and (inflammatory) cDC2s (Figure 2G), as defined
previously*>*°, Furthermore, MoDCs lacked the cDC-restricted transcription factor
Zbtb46°! as well as IRF8 and IRF4, which define cDC1 and cDC2 lineages, respectively*
(Figure 2G). Altogether, our data argue that the vaccination procedure induces a MoDC
response in the dLN, which is significantly enhanced by CD4* T-cell help. The MoDCs
likely differentiate in the dLN from monocytes that are recruited from the blood, as
described previously?*?’,

Monocyte-derived cells optimize CD4* T-helper 1 and CD8* effector
differentiation

To investigate the possible impact of monocyte-derived cells on T-cell effector
differentiation in the dLN after Help vaccination, we treated mice with an antibody
directed at CCR2 (Figure 3A). The low dose of anti-CCR2 antibody used depletes
monocytes from the circulation®**® and effectively depleted MoDCs (Figure 3B-C).
CCR2 was expressed at high level on monocytes and at low levels on migratory and
resident cDC1s and cDC2s (Supplementary Figure 2C). Treatment with anti-CCR2
antibody did not affect cDC frequencies within the dLN (Supplementary Figure 2D).
Among monocyte-derived cells, we did not detect macrophages as defined by F4/80
staining in the dLN after vaccination (results not shown). CCR2 was not expressed on
PADRE-specific CD4* T cells (Supplementary Figure 2E) and antibody treatment did not
affect the frequency of these cells after vaccination (Figure 3D and Supplementary
Figure 2F). We can conclude from these data that MoDC depletion did not affect
clonal expansion of PADRE-specific CD4* T cells. However, inhibition of the MoDC
response did impede differentiation of responder CD4* T cells into Th1 cells. This was
apparent from a reduced frequency of PADRE-specific CD4* T cells with a SLAM*T-bet*
Th1 phenotype (Figure 3E, F) and a reduced frequency of IFNy-producing CD4* T cells
after restimulation in vitro with either PADRE peptide, or with agonistic antibodies to
CD3 and CD28 (Figure 3G, H). Inhibition of the MoDC response also led to a reduction
in the frequency of HPV E7-specific CD8* T cells in blood and spleen, but not in dLNs
(Figure 31, Supplementary Figure 2G). HPV E7-specific CD8* T cells in blood and spleen
were enriched for a KLRG1*CX3CR1* effector phenotype as compared to those in the
dLN (Figure 3J, Supplementary Figure 2H), which is consistent with primed CD8*
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Figure 2. CD4* T-cell priming stimulates a MoDC response after vaccination.

(A, B) Frequency of H2-1A®/PADRE tetramer (tet)* CD4* T cells (A) and Ly6C*CD11b*MHC-II"CD11c* MoDCs (B)
in the dLN of mice as detected by flow cytometry at the indicated days after Help or No Help vaccination on
day 0, 3 and 6 (arrows). N = 3 mice per group (mean * SD), representative of two independent experiments.
(C-G) Mice received Help or No Help vaccine and dLN were analyzed by flow cytometry at day 5 post
vaccination. (C, D) Contour plots (C) and quantification (D) of Ly6C*CD11b*Ly6G™ monocyte-derived cells
within CD3°CD19°NK1.1 cells. (E) Representative histograms showing expression levels of MHC-1I and
CD11c on monocyte-derived cells from dLN or ndLN of mice vaccinated under Help or No Help conditions.
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(F) Quantification of Ly6C*CD11b*MHC-1I"™CD11c* MoDCs in dLN and ndLN. (G) MFI of indicated markers
on rcDC1s, rcDC2s and MoDCs from dLN of mice that received Help vaccine. Statistics: (A) N = 3 mice
(No Help) or N = 8 mice (Help) (mean + SD); representative of one experiment (No Help) or pooled from
two independently performed experiments, (B) N = 3 mice per group (mean + SD);, representative of two
independently performed experiments; (C-G) N = 5 mice per group (mean + SD), representative of at least
two independently performed experiments; (A, B, D, F) Two-way ANOVA with Sidak post hoc test to correct
for multiple testing; (G) One-way ANOVA with Tukey post hoc test to correct for multiple testing.

T cells leaving the dLN to the blood after completing their effector differentiation.
The frequency of KLRG1*CX3CR1* CD8* T cells in blood and spleen was significantly
reduced upon abrogation of the MoDC response. Altogether, these data argue that in
our vaccination model, MoDCs in the dLN do not affect initial activation of vaccine-
specific CD4* and CD8* T cells, which is likely induced by cDCs. However, MoDCs in
the dLN promote local T-cell effector differentiation. Thus, by boosting the MoDC
response, activated CD4* T cells enhance their own proinflammatory Th1 type effector
differentiation and the formation of effector CD8* T cells.

CD4* T-cell activation alters costimulatory molecule expression on
monocyte-derived cells

It has been described that MoDCs can express a diversity of costimulatory molecules**.
CD40, CD28 ligands CD80 and CD86, as well as co-inhibitory ligand PD-L1 were
upregulated on monocyte-derived cells in the dLN at day 5 days post vaccination
(Figure 4A). These molecules are known to be upregulated by CD4* T-cell help on
cDCs®*¥19 and we therefore compared their expression on monocyte-derived cells
after Help or No Help vaccination. On day 5 post-vaccination, CD4* T-cell activation
had led to higher expression of CD80 (Figure 4B), while CD86 expression was modestly
lowered (Figure 4C). CD4" T-cell activation increased the frequency of both CD40* and
PD-L1* monocyte-derived cells, as well as the expression level of these molecules per
cell (Figure 4D, E). It also increased the frequency of CD80*PD-L1* monocyte-derived
cells (Figure 4F), which suggests a better costimulatory status, as will be explained
in the Discussion. These results indicate that vaccine-induced MoDCs upregulate
costimulatory molecules and that activation of CD4* T cells not only augments the
number of MoDCs in the dLN, but furthermore increases their potential to costimulate
T-cells and to respond to CD40L input.
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Figure 3. Monocyte-derived cells promote CD4* and CD8* T-cell effector differentiation.

(A) Experimental design including vaccination and treatment with antibody to CCR2. (B) Contour plots
representing Ly6C*CD11b*Ly6G™ monocyte-derived cells among CD3-:CD19'NK1.1" cells at day 4. (C) Graph
depicting the frequency of Ly6C*CD11b*MHC-II"™CD11c* MoDCs in the dLN at day 4. (D) Quantification of
H2-1A*/PADRE tet* CD4* T cells at day 8. (E, F) Representative contour plots (E) and quantification (F) of Thl
(SLAM*T-bet*) cells within H2-1A®/PADRE tet* CD4* T cells at day 8. (G, H) Representative contour plots (G)
and quantification (H) of IFNy production as determined by intracellular staining of cells isolated from dLNs
at day 8 and over-night stimulated in vitro as indicated. (I, J) Frequency of H2-D°/E7 tet* CD8* T cells (H) and
KLRG1*CX3CR1* cells within H2-D®/E7 tet* CD8* T cells (1) in indicated organs. Statistics: (B, C) N = 3 mice per group
representative of one experiment. (D-F) N =9 mice per group (mean + SD) representative of two independently
performed experiments; (G-H) N = 15 mice per group (mean * SD) representative of one experiment; (I-J)) N=9
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mice per group (mean + SD) representative of three independently performed experiments; (C, D, F) Unpaired
student t-test; (G-J) Two-way ANOVA with Sidak post hoc test to correct for multiple testing.
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Figure 4. CD4* T-cell priming promotes the costimulatory status of monocyte-derived cells.

(A) Histograms indicating expression levels of CD80, CD86, CD40 and PD-L1 on total monocyte-derived cells
day 5 post vaccination. (B-E) Bar graphs depicting expression of CD80 (B), CD86 (C), CD40 (D) and PD-L1 (E) on
monocyte-derived cells in the dLN. Left: frequency of positive cells; right: MFI of the positive cell population. (F)
Contour plot and quantification displaying CD80 and PD-L1 co-expression by monocyte-derived cells. Analysis
was done at day 5 in dLN. Statistics: N = 6 mice per group (mean * SD), representative of three independently
performed experiments; Unpaired student t-test. Histograms are a concatenation from dLNs of 6 mice.
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Activated CD4* T cells enhance the MoDC response via CD40-CD40L
interactions and IFNy

CD4* T cells quickly upregulate CD40L upon antigen recognition and via CD40 signaling
license cDC1s for optimal induction of CTL effector and memory responses'’**-22, Given
that MoDCs upregulated CD40 in response to Help vaccination, we hypothesized that
CD4* T cells may boost the innate MoDC response via CD40L/CD40 interactions.
Furthermore, because it has been shown that NK cells can boost the MoDC response
via IFNy3249°% we also hypothesized a role for IFNy production by CD4* T cells herein.
To assess whether CD40/CD40L interactions or IFNy signaling were instrumental in the
Help-mediated MoDC response, we treated mice during Help vaccination with blocking
antibodies against CD40L or IFNy or isotype controls and included for reference the
No Help vaccination setting. Five days after vaccination, the frequency of CD11b*Ly6C*
monocytes that had entered the dLN was significantly reduced in mice that were
treated anti-CD40L antibody (Figure 5A, B). This was associated with a significant
reduction of the MoDC response that fell back to the levels of No Help-vaccinated
mice (Figure 5C). In contrast to CD40L blockade, IFNy blockade did not affect the influx
of monocyte-derived cells to the dLN (Figure 5A, B), but specifically hampered MoDC
differentiation to a similar extent as anti-CD40L blockade (Figure 5C).

CDA4O0L or IFNy blockade also reduced the CD40, CD80 and PD-L1 expression on
monocyte-derived cells in the Help setting to the levels observed in the No Help
setting, thus neutralizing the effect of activated CD4* T cells on phenotype. Antibody
treatment did not affect CD86 levels (Figure 5D, E). NK cell depletion with NK1.1
antibody successfully depleted NK cells (Supplementary Figure 3A, B), but did not
significantly affect the MoDC response (Figure 5F), suggesting a primary role for
CD4* T cell-mediated IFNy production in boosting the MoDC response in the dLN.
Altogether, we show that upon DNA vaccination into the skin, vaccine-activated CD4*
T cells promote a MoDC response in the vaccine-dLNs. Activated CD4* T cells promote
generation of MoDCs in the dLN and improve the costimulatory status of monocyte-
derived cells. The monocyte-derived cells are not required for initial activation of CD4*
and CD8* T cells, which is likely mediated cDCs. MoDCs however locally enhance Thl
type CD4* and CD8"* effector differentiation of vaccine-specific T cells. Importantly,
activated CD4* T cells act in a feed-forward loop and crosstalk with MoDCs through
CD40/CD40L interaction and IFNy-mediated signaling (Figure 5G).
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Figure 5. Primed CD4* T cells promote the MoDC response via CD40L and IFNy.

(A-E) Mice received Help vaccination and were treated with blocking antibodies to CD40L, IFNy, or isotype
control on day 0 and 3, or with depleting antibody to NK1.1 on day -1, 0 and 3, and analyzed at day 5. Mice
receiving No Help vaccination served as a reference. (A) Contour plots representing Ly6C*CD11b*Ly6G"
monocyte-derived cells. (B, C) Graph depicting the frequency of Ly6C*CD11b*Ly6G monocyte derived cells
(B) or Ly6C*CD11b*MHC-II"™CD11c* MoDCs (C) in the dLN 5 days post vaccination. (D, E) Representative
histograms (D) and quantification (E) of CD40, CD80, PD-L1 and CD86 expression levels on monocyte-
derived cells. (F) Frequency of Ly6C*CD11b*MHC-II"™CD11c* MoDCs in mice treated with anti-NK1.1. (G)
Schematic representation of the findings in this study. Statistics: (B, C, E) N = 10 mice per group (mean
+ SD); One-way ANOVA with Tukey post hoc test to correct for multiple testing; (E) N = 6 mice per group
(mean * SD); Two-way ANOVA with Sidak post hoc test to correct for multiple testing.
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Discussion

Monocytes and DCs stem from the common myeloid progenitor (CMP) that gives rise to
monocytes via specific progenitors and to pDCs, cDC1s and cDC2s via the common DC
progenitor (CDP). The cDC2 lineage is now discerned into cDC2A and cDC2B subsets, of
which the latter expresses a number of genes that are also associated with monocytes>®
However, all cDCs can be discerned from monocytic cells by expression of the Zbtb46
transcription factor. The recently identified “inflammatory” cDC2 population also closely
resembles monocytes, sharing e.g. CD64 and Ly6C, but unlike monocytes expresses CD26
and lacks CCR2%2. Given the sharing of commonly used markers, properties ascribed to ex
vivo MoDCs may potentially be attributed to inflammatory cDC2s*, unless MoDCs were
traced from monocytes by genetic or fluorescent markers. In our study, we included in
our marker panel CCR2, Zbtb46 and CD26, which confirmed the identity of the observed
CD11b*Ly6C*MHC-II"CD11c* cells as MoDCs.

In our model* both Help and No Help vaccination induced a MoDC response in the
dLN. This agrees with the observation that various type | TLR agonists as innate signal
sufficed to induce a MoDC response in the dLN?¢. However, CD4* T-cell activation by
the Help vaccine significantly increased the MoDC response. In a model of i.p. infection
of mice with T. gondii, generation of MoDCs from monocytes in the peritoneum
depended on IFNy signaling, and pinpointed NK cells as the IFNy source®? Similarly,
inoculation with heat-killed M. smegmatis induced an NK cell-derived IFNy dependent
MoDC response that was critical for CD4* T-cell differentiation into Th1 cells***. In our
Help vaccination setting, the MoDC response in the dLN was also IFNy-dependent, but
did not rely on NK cells, as evaluated by the same antibody-based depletion approach.
This result suggests that in this case, IFNy produced by activated CD4* T cells boosted
the MoDC response. These findings identify a Thl-cell based feed-forward mechanism
for MoDC generation via IFNy signaling.

We found that primed CD4"T cells also stimulated the MoDC response via CD40. A role
for CD40 signaling agrees with findings that combined CD40 and IFN-I signaling drove
differentiation of monocytes into MoDCs in vitro®® and CD40 agonism in vivo promoted
a MoDC response in a mouse tumor model*’. Collaboration between CD40L and IFN-I
signaling in inducing cDC maturation has recently been shown by transcriptome
analysis, where the distinct signal transduction pathways activated by the respective
receptors integrated at the level of transcription factor function and resulting gene
expression®®, Likely, CD40L and IFNg collaborate in a similar fashion to promote MoDC
differentiation from monocytes via their respective receptors. Since CD40L/CD40
signaling takes place during cell-cell contact®, primed CD4* T cells in the dLN likely
promoted MoDC differentiation from monocytes locally. The MoDCs generated in
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our vaccination model upregulated CD40 as a result of CD4* T-cell priming, again
suggesting a feed-forward mechanism for MoDC generation via CD40L/CD40 signaling.
CD40 signaling into monocytes can promote their activation status and functionality
in terms of secretion of hallmark cytokines such as IL-12%°. Two studies have proven by
genetic deficiency that IL-12 produced by monocyte-derived cells can promote CD4*
and CD8* effector T cell differentiation®®%.

CDA40L is rapidly and transiently expressed on CD4* T cells upon their T-cell receptor
(TCR)-mediated activation®®, which suggests a direct, possibly antigen-specific
interaction between CD4* T cells and activated monocytes/MoDCs in the dLN. Delivery
of antigen from the site of infection to the dLN by activated monocytes/MoDCs has
been suggested by several studies. These studies have been summarized recently and
discussed in view of the identification of inflammatory cDC2s that may have been
responsible for such transport®. In a case where adoptively transferred monocytes
were proven to deliver bacterial antigen from the site of infection to the dLN, T-cell
priming nevertheless relied on cDCs?¢. Recent work using CD62L blocking antibodies
and surgical resection of the injection site argue for a mechanism wherein monocytes
are recruited from the blood into the dLNs via high endothelial venules, locally
differentiate into MoDCs?® and acquire antigen from migratory cDCs that have sampled
the site of antigen challenge®. Antigen transfer between different cDC types in dLNs
has been documented and shown to be important for T-cell responses® 3, in particular
in the context of the two-step priming model, wherein CD4* T-cell help is delivered
in a second step of priming on cDC1, after initial CD4* and CD8* T-cell activation on
different cDC types®. To this date, it is unresolved whether MoDCs present antigen
to T-cells in vivo during the process of T-cell priming3¢4%43, Experiments with MoDC-
specific genetic deletion of MHC-I1I will have to resolve this issue.

In our vaccination model, MoDCs generated in the dLN boosted Th1 differentiation of
the primed CD4* T cells and effector differentiation of primed CD8* T cells. Theoretically,
macrophage offspring from CCR2* monocytes fluxing into the dLN might have played
a role in T-cell response modulation, but we did not detect any such cells in the dLN
after vaccination according to F4/80 staining. Additionally, embryonically derived,
tissue-resident macrophages are CCR2 independent®®, Therefore, MoDCs are the
most likely cell type involved. In our model, cDCs bring vaccine antigen derived from
dead keratinocytes to the dLN“¢, which needs to be cross-presented to CD8* T cells.
cDC1s are likely responsible for CD8* T-cell priming, since MoDCs cannot efficiently
cross-present cell-associated antigen, either in presence or absence of CD4* T-cell
help®. However, monocyte-derived cells can obtain MHC-I-peptide complexes via
cross-dressing and stimulate CD8*T cells as recently shown in tumor contexts®®. This
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mechanism agrees with multiple observations that MoDCs boost CD4* and CD8*
T-cell responses in the dLN, but are likely not instrumental in their induction, as we
also demonstrate?6:27394987 |Indeed in vitro, cytokine production by CD4* T cells is
enhanced when T cells are activated by cDCs in presence of MoDCs*. The in vivo
scenario for cooperation between cDC and MoDC in T-cell priming in response to skin
challenge was recently shown to involve directed migration of rcDC2, rcDC1 and locally
differentiated MoDCs to the deep T-cell zone of the dLN. Whereas rcDCs promoted
initial activation and clonal expansion of CD4* and CD8* T cells, MoDCs supported
effector differentiation via IL-12 production?®. Migratory cDCs were redundant in this
study that used soluble ovalbumin, but are expected to play a major role in case of
cell-associated antigen.

We found that the MoDCs formed in the dLN after Help vaccination had upregulated
CD80 and PD-L1. Importantly, PD-L1 does not indicate a tolerogenic state of DCs,
since it can form a heterodimer in cis with CD80%. Once part of this heterodimer,
CD80 can no longer be downregulated by CTLA-4 and PD-L1 can no longer bind to
PD-1%°. The CD80:PD-L1 heterodimer retains the ability to signal via CD28 and thereby
forms an immunostimulatory signaling molecule. Future studies should examine
the costimulatory nature of MoDCs after CD4* T-cell help aspect more extensively,
particularly in terms of expression of TNF family ligands and cytokines that are
important for effector differentiation of CD4* and CD8* T cells, as documented for
cDCs”. Next to IL-12, multiple specific cytokines and chemokines that are important
in T-cell differentiation can be made by monocyte-derived cells?6394°7273  and may
complement cDC function, or even substitute for it in specific cases®®. Additionally,
licensing of cDC1s by CD4* T-cell help involves many additional mechanisms that
promote T-cell effector and memory fate®!*1718 and it will be of interest to determine
which of these can be boosted by MoDCs. In conclusion, the collective data argue that
the MoDC response that takes place under type | inflammatory conditions in dLNs
can be boosted not only by innate mechanisms, but also by an adaptive mechanism
involving CD4* T cells, IFNy and CD40L signaling. The MoDC response is not primarily
responsible for T-cell priming but supports T-cell effector differentiation in a feed-
forward loop induced by Th1l type CD4* T-cell activation.
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Methods

Mouse maintenance and antibody treatment

Eight-week-old female C57BL/6JRj mice were purchased from Janvier laboratories (Le
Genest Saint Isle, France). Mice were housed in individually ventilated cages (IVC) under
specific pathogen-free (SPF) conditions and with ad libitum access to food and water.
Ambient temperature was ~19-21 °C and humidity 30-70%. Lighting was provided on
a 12 h light/dark cycle. All mouse experiments were performed in accordance with
institutional and national guidelines and were approved by the Animal Welfare Body
at Leiden University Medical Center. Antibodies were injected intraperitoneally (i.p.).
Mice received injections with 20 ug depleting anti-CCR2 (clone MC-21°*% or rat IgG2b
isotype control (clone LFT-2, BioXcell) in 100 ul PBS daily from day 0 to 4. Mice received
injections with 150 ug blocking anti-CD40L (clone MR-1, BioXcell) or 200 pg anti-IFNy
(clone XMG1.2, BioXcell) or 200 ug rat 1gG1 isotype control (clone HRPN, BioXcell)
in 100 ul PBS on day 0 and day 3 post vaccination. Mice received injections with 100
ug depleting anti-NK1.1 (clone PK136, produced in house) in 100 ul PBS starting at 1
day prior to vaccination and on day 0 and day 3 after the first vaccination.

DNA tattoo vaccination and tissue processing

HELP-E7SH and E7SH pVAX1 plasmid vaccines were generated as described*®. The amino
acid sequences they encode and the validation of the procedure are provided in*.
For intraepidermal DNA tattoo vaccination, mice were anesthetized using isoflurane
(Induction phase; 4% isoflurane, airflow 0.8 L/min. Maintenance phase; 2% isoflurane,
airflow 0.4 L/min) maintenance and the right hind leg of mice was depilated using
Veet containing limonene (Reckitt Benckiser). Subsequently, 15 ul of 2 mg/ml plasmid
DNA in H,0 was tattooed into the skin with a Permanent Make Up tattoo machine
(Cheyenne, MT Derm GmbH) using a sterile disposable 9-needle bar with a needle
depth of 1 mm. Tattooing was performed for 45 s, oscillating at a frequency of 100 Hz.
Mice were vaccinated at day 0, 3 and 6, unless otherwise indicated, and alternating
between the internal or external upper part of the right hind leg. On the day of read
out, mice were euthanized by means of CO,inhalation and organs collected. Blood was
collected by tail vein puncture and collected in heparin coated Microvette CB300 LH
tubes (Sarstedt). Erythrocytes were lysed by incubation in red blood cell lysis buffer
(Santa Cruz) for 2 x 5 min at room temperature. Inguinal dLN were punched repeatedly
with a 25 G needle (BD) and incubated in 500 pul DMEM (Gibco) with 100 pug/ml Liberase
TL (Roche) for 30 min at 37 °C while shaking. Enzymatic digestion was quenched by
adding IMDM (Gibco) with 10% FBS and single cell suspensions were prepared by
mechanic disruption of the dLN through a 70 uM Falcon® cell strainer (Corning).

83



Chapter 3

Flow cytometry

For cell surface staining, antibodies were diluted in FACS buffer (PBS + 2% FBS), and
staining was performed in 96 well U bottom plates (Greiner). Dead cell exclusion was
done using 1:500 Zombie UV fixable viability dye (Biolegend) or 1:1000 LIVE/DEAD
NIR fixable viability dye (Invitrogen). For analysis of myeloid populations, single cell
suspensions were first incubated with 1:50 anti-mouse Fc Block™ (anti-CD16/32,
clone 2.4G2, 1:50 BD) for 5 min on ice, while for antigen-specific CD4* T cell analysis,
single cell suspensions were first incubated for 1 h at room temperature with PE-
conjugated PADRE tetramer (AKFVAAWTLKAA in H-2I-A®, 1:200, NIH tetramer facility)
in FACS buffer. For cytokine restimulation, 96 flat bottom plates (Corning) were coated
with 2 ug/ml agonistic antibodies to both CD3 (clone 145-2C11, Biolegend) and CD28
(clone 37.51, Biolegend) in PBS overnight at 4 degrees or left untouched. The next day,
0.5 x 10° dLN derived single cells were incubated on anti-CD3 and anti-CD28 coated
plates or with 1 uM PADRE peptide (AKFVAAWTLKAA) on uncoated plates or left
unstimulated in IMDM + 10% FCS + 50 units/ml Penicillin-Streptomycin (Gibco) for 16
h. Subsequently, samples were incubated with 1:1000 GolgiPlug™ with Brefeldin A
(BD) for 2 h. Subsequently, single cell suspensions were incubated for 30 min on ice
with the following fluorochrome-conjugated monoclonal antibodies in FACS buffer:
CCR2 BUV661 (clone 475301; 1:200), CD11c BUV496 (clone HL3; 1:100), CD115 BUV615
(clone ASF98; 1:200), CD26 (clone H194-112; 1:100), CD4 BUVS805 (clone GK1.5; 1:200),
CD8a BV750 (clone 53-6.7; 1:200), CD8a V500 (clone 53-6.7; 1:100), KLRG1 BUV563
(clone 2F1; 1:100), PD-L1 (clone MIH5; 1:200), SIRPa BUV395 (clone P84; 1:100), all
from BD, CD11b BV510 (clone M1/70; 1:200), CD19 PerCP-Cy5.5 (clone 6D5; 1:400), CD3
PerCP-Cy5.5 (clone 17A2; 1:100), CD40 PE-Cy5 (clone 3/23; 1:100), CD44 BV570 (clone
IM7; 1:100), CD44 BV785 (clone IM7; 1:100), CD45 APC-Fire 810 (clone 30-F11; 1:200),
CD64 AF647 (clone X54-5/7.1; 1:100), CD80 PE-Dazzle 594 (clone 16-10A1; 1:100), CD86
BV785 (clone GL-1; 1:200), CX3CR1 BV421 (clone SA011F11; 1:800), CX3CR1 PerCP-
Cy5.5 (clone SA011F11; 1:200), Ly6C Pacific Blue (clone HK1.4; 1:800), Ly6G BV570
(clone 1A8; 1:100), NK1.1 PerCP-Cy5.5 (clone PK136; 1:100), NKp46 PE-Dazzle 594
(clone 29A1.4; 1:50), SLAM BV785 (clone TC15-12F12.2; 1:100), XCR1 BV650 (clone ZET;
1:100), all from Biolegend, KLRG1 PE-eFluor 610 (clone 2F1; 1:200), MHC-II APC-eFluor
780 (clone M5/114.15.2; 1:2000), Siglec H Super bright 600 (clone eBio440c; 1:100)
all from Invitrogen, and APC-conjugated E7 tetramer (E749.5; RAHYNIVTF in H2-D®, 1:100
produced in house). Intracellular staining was performed using the Foxp3/Transcription
factor staining kit (eBioscience) according to the manufacturers provided protocol. Cells
were fixed and permeabilized for 30 min on ice and subsequently intracellularly stained
for 30 min on ice with the following antibodies IFNy PE-Dazzle 594 (clone XMG1.2,
Biolegend, 1;400) IRF4 PerCP-eFluor 710 (clone 3E4, eBioscience, 1:1200), IRF8 APC
(clone V3GYWCH, Invitrogen, 1:100), T-bet eFluor 660 (clone eBio4B10, eBioscience,
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1:200) and Zbtb46 PE (clone U4-1374, BD, 1:100). Data were acquired using a Cytek
Aurora Spectral 3-laser equipped with, 405 nm, 488 nm, and 640 nm lasers (Cytek
Biosciences) or a Cytek Aurora Spectral 5-laser Flow Cytometer equipped with 355
nm, 405 nm, 488 nm, 561 nm and 640 nm lasers (Cytek Biosciences), and analyzed
with OMIQ (Dotmatics, version 2024.07) or FlowJo software (TreeStar, version 10.8.1).

Statistics

In graphs, meanSD are depicted. For protein expression depiction, median fluorescent
intensity (MFI) is used. Statistical analysis was performed with GraphPad Prism 9.3.1
(Dotmatics) using two-tailed unpaired Student t-test when comparing two groups, One-
Way ANOVA with Tukey post hoc test to correct for multiple testing when comparing
multiple groups at one timepoint or Two-Way ANOVA with Sidak post hoc test to correct
for multiple testing when comparing groups at different timepoints, or multiple organs
between groups. P values < 0.05 were considered statistically significant Statistics were
denoted as follows; *; P <0.05, **; P <0.01, ***, P <0.001 and ****, P <0.0001. If no
significance is indicated, this is considered not significant, P > 0.05.

Data Availability

Flow cytometry data that further support the findings this study are available upon
request.
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Supplementary Figure 1. Analysis of myeloid cell populations in dLN after Help or No Help vaccination.
Mice received Help or No Help vaccine and dLN and ndLN were analyzed by flow cytometry at day 5. (A)
Frequency of resident (CD11c*MHC-II"™) and migratory (CD11c*MHC-II") ¢cDC1 (XCR1*) and cDC2 (CD11b")
within total cDCs. (B, C) Quantification of neutrophils (B) and pDCs (C). (D) Expression levels of MHC-II,
CD11c, CCR2 and CD64 in MFI on MoDC derived from the dLN. Statistics: (A-C) N = 5 mice per group
(mean + SD); Two-way ANOVA with Sidak post hoc test to correct for multiple testing, for comparing Help
versus No Help for dLN or ndLN (if not indicated = NS). In panel A the frequency of migDC2 was compared
between dLN and ndLN using Two-way ANOVA with Sidak post hoc test to correct for multiple testing.
(P=0.0027 in No Help, P=0.0004 in Help); (D) N = 5 mice per group (mean % SD); Unpaired student’s t-test.
(A-D) Representative of three independently performed experiments.
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Supplementary Figure 2. MoDCs promote effector differentiation of CD4* and CD8* T cells.

(A-B) Representative contour plots (A) and quantification (B) of CD11b*Ly6C*CD115* monocytes in blood
day 4 post antibody injection. Antibodies were administered daily i.p. (C) Histograms depicting CCR2
expression by CCR2*Ly6C*CD11b* monocytes, resident (CD11c*MHC-1I™) and migratory (CD11c*MHC-II")
cDC1 (XCR1*) and c¢DC2 (CD11b*) in the dLN 4 days post vaccination. Data presented are a concatenation
of 5 mice. (D) Frequency of resident and migratory cDC1 and cDC2 within total cDCs. N=5 mice per group
(mean £ SD) (E) Histograms depicting CCR2 expression by CCR2*Ly6C*CD11b* monocytes, CD44*PADRE
tet*CD4*T cells and Th1 (SLAM*T-bet*) PADRE tet* in the dLN 4 days post vaccination. Data presented are
a concatenation of 5 mice. (F) Representative contour plots of PADRE tet* CD4*T cells in the dLN d8 post
vaccination. (G-H) E7 tet* CD8* T cells (G) and KLRG1*CX3CR1*E7 tet* CD8* T cells (H) in indicated organs.
Statistics: (A-B) N = 3 mice per group (mean + SD), representative of three independently performed
experiments; Unpaired student t-test. (E, G, H), N = 9 mice per group (mean * SD) representative of two
(C) or three (D-E) independently performed experiments.
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Supplementary Figure 3. Anti-NK1.1 successfully depletes NK cells.

(A-B) Representative contour plots (A) and quantification (B) of NK1.1*NKp46* NK cells in blood day 5 post
injection. Antibodies were administered i.p. on day -1, 0 and day 3. Statistics: (A-B) N = 6 mice per group
(mean £ SD), representative of one experiment; One-way ANOVA.
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