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Abstract

Key words: CD8 T cell, macrophage apoptosis, cross-presentation, intracellular pathogen,

Histoplasma capsulatum

It is widely accepted that cellular immune response via the activation of CD4 T cells plays an
important role in the protection against endosomal intracellular non-viral pathogens of the
macrophages. Histoplasma capsulatum is a dimorphic fungus which takes residence primarily
within the macrophage. We found that not only CD4 but also CD8 T cells are activated and
functional in Histoplasma infection. We demonstrated that uptake of live Histoplasma induces
macrophage apoptosis and dendritic cells engulfing Histoplasma-infected apoptotic macrophages
stimulate sensitized CD8 T cells in vitro. Therefore, Histoplasma-specific CD8 T cells are
activated by dendritic cells that present exogenous Histoplasma antigens, a process known as
‘cross-presentation’. To further examine the in vivo significance of cross-presentation, we
immunized mice with Histoplasma yeasts by the subcutaneous route. We found that injection of
viable Histoplasma yeasts induces CD8 as well as CD4 T cell IFN ¢ production. Macrophages
and neutrophils are recruited to the injection site and undergo apoptosis. Subcutaneous
immunization of Histoplasma- pulsed apoptotic macrophages induces CD8 T cell activation in
the draining lymph nodes. The study on whether immunization by antigen-pulsed apoptotic cells
generates protective immunity against lethal challenge is ongoing. The results will be written up

to publication in the next two months.



Introduction

It is widely accepted that cellular immune response via the activation of CD4 T cells plays
an important role in the protection against endosomal intracellular non-viral pathogens of the
macrophages. In our previous studies, we demonstrated that infection with Histoplasma
capsulatum, an intracellular pathogen of the macrophage, activated not only CD4 but also CD8 T
cells (1). CD8 T cells are important in limiting fungal replication in the absence of CD4 T cells to
protect mice against histoplasmosis (2). The macrophage, being the primary host cell of
Histoplasma, is induced to undergo apoptosis after engulfing the pathogen. The apoptotic
macrophage can serve as antigen donor to dendritic cells. Histoplasma-specific CD8 T cells are
stimulated by dendritic cells that present exogenous Histoplasma antigens, either through direct
ingestion of yeasts or through uptake of apoptotic macrophage-associated fungal antigens, a
process known as ‘cross-presentation’ (1). In addition to Histoplasma infection, it has been
reported in Salmonella, Mycobacterium, and Shigella bacterial infections that intracellular
non-viral pathogens induce macrophage apoptosis (3-8). DCs are capable of cross-presenting
cell-associated antigens derived from apoptotic cells containing microbial antigens (6-8). Our
previous work has focused on showing cross-presentation is an in vitro system; the in vivo
significance of cross-presentation still awaits to be elucidated.

The importance of CD8 T cells and dispensability of CD4 T cells was reported in
vaccine-induced immunity against Blastomyces and Histoplasma (9). Mice are resistant to lethal
challenge after vaccination by high inocula of live yeasts at subcutaneous sites. Depleting CD4" T
cells does not reduce resistance to lethal challenge. The injection of live yeast cells at
subcutaneous sites induces efficient CD8" T cell-mediated protection. However, these
experiments still did not address the question whether CD8 T cells are activated and whether
cross-presentation of fungal antigens occurs in vivo. It was recently demonstrated that apoptotic
vesicles from Mycobacteria-infected macrophages stimulate CD8 T cells in vivo (10).
Vaccination with apoptotic vesicles from Mycobacteria-infected macrophages induces protection
against tuberculosis compared to treatment with naive vesicles. Therefore, the apoptotic bodies
induce cross-presentation in vivo and mediate host defense against infection.

Based on these findings, we further our study to examine the in vivo significance of
cross-presentation of Histoplasma fungal antigens. We immunized mice with Histoplasma yeasts
by the subcutaneous route. We found that injection of live, but not heat-killed Histoplasma

induced strong CD8 T cell response. Subcutaneous inoculation of viable Histoplasma induces



massive macrophage and neutrophil infiltration and the infiltrating cells become apoptotic.
Furthermore, subcutaneous immunization by antigen-pulsed apoptotic cells also induced
significant CD8 T cell response. Experiments are underway to study whether immunization by

antigen-pulsed apoptotic cells generates protective immunity against lethal challenge.
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Results

Subcutaneous injection of live Histoplasma induces CDS8 as well as CD4 T cell activation. It

was recently reported that injection of live yeast cells at subcutaneous sites induces efficient
CD8 T cell-mediated immunity (9). Thus, we used subcutaneous injection of Histoplasma in
this experiment and addressed whether CDS8 T cells are activated. One million Histoplasma
yeast cells were suspend in 50 11 RPMI 1640 solution and injected into the two sides of
subcutaneous tissue of tail base (2 injection per mouse) at day-14 and day0. At 5 days after
second injection, mice were sacrificed and the cells from draining lymph nodes were
harvested. The cells were subjected to intracellular cytokine staining for IFN ¢ expression
(Figure 1A). As shown in Figure 1B, both CD8 and CD4 T cells in the draining lymph nodes
of mice subcutaneously injected with live Histoplasma yeasts (Live Hc) were activated and
produced IFN ¢y after stimulation, while T cells from mice subcutaneously injected with
heat-killed Histoplasma (HKHc) or medium only control (RPMI) were not activated. The
kinetics of CD8 and CD4 T cell activation at different time points after injection was shown
in Figure 2. The T cells were activated to produce IFN 7 during the course of injection, and
the percentage of IFN 7 -producing T cell reached the maximal at day5 after second injection
(Figure 2B and 2C). We have shown that in mice with intravenously systemic infection of
Histoplasma, the percentage of IFN v © CD4 T cells is two to three times than that of IFN 7
CD8 T cells (1). However, subcutaneous injection of live Histoplasma induced almost equal
percentage and number of IFN v © CD8 and CD4 T cells (Figure 2B and 2C). These results

suggest that subcutaneous injection is a potent route to stimulate CD8 T cell activation.

Subcutaneous injection of live Histoplasma recruits macrophage and neutrophil to the

injection sites. Next, mice subcutaneously injected two times with live, heat-killed

Histoplasma, or RPMI were sacrificed, and paraffin sections and cryosections of injection
sites were prepared. In the H&E staining of cryosection sample, it can be observed that lots of
cells were infiltrated into the injection site of mice inoculated with live Histoplasma (Figure
3A). In contrast, there was few or no cell infiltration in mice with HKHc or RPMI inoculation.
To further analyze what cell types were infiltrated, the cyrosection sample was stained with
monoclonal antibodies against F4/80, Gr-1, CD3, or B220. Figure 3B shows that most
infiltrating cells were F4/80" and Gr-1". These cells also expressed high level of CD11b (data

not shown). There were few T or B cells in these cell populations. To quantify the constitution
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of these cells, infiltrating cells in injection sites were isolated by centrifugation after tissue
were treated with type 4 collagenase. Figure 3C shows that 67.2% and 18.7% of infiltrating
cells in mice with live He injection were Gr-1" and F4/80", respectively. Although there were
very few cells infiltrating into the injection site of mice injected with HKHc, 35.6% were
Gr-1" and 18.4% were F4/80". Taken together, it indicates that macrophages and neutrophils

are the major cell populations infiltrating into Histoplasma injection sites.

Subcutaneous injection of Histoplasma yeasts induces cell apoptosis in vivo. We have

demonstrated that engulfing live Histoplasma yeasts induce macrophage apoptosis in vitro.
The dendritic cells which engulfed Ag-pulsed apoptotic macrophages were efficient in
stimulating CD8 T cell responses (2). To further examine whether subcutaneous injection of
live Histoplasma yeasts induce apoptosis in vivo, we used TUNEL staining to detect apoptotic
cells in paraftin section sample of injection sites. Subcutaneous injection of live or heat-killed
Histoplasma but not RPMI induced cell apoptosis at day5 after primary injection (data not
shown). By flow cytometric analysis of isolated infiltrating cells, 73.7% of cells from mice
with live He injection were TUNEL" apoptotic cells, while only 8.5% of cells from mice with
HKHc injection were TUNEL" (data not shown). Furthermore, Figure 4 shows that the
apoptotic cells were Gr-1" (Figure 4, A-D) or F4/80" (Figure 4, E-H). Taken together, these
results indicate that inoculation of viable Histoplasma into subcutancous tissue induces

massive macrophage and neutrophil infiltration and cell apoptosis.

Injection of HKHc-pulsed apoptotic cells induces functional CD8 T cell in vivo. The next

question was whether immunization by apoptotic cells pulsed with Histoplasma antigens
through the subcutaneous route induces CD8 T cell responses. Thioglycolate-elicited
peritoneal macrophages were harvested and allowed to ingest heat-killed Histoplasma yeasts.
After wash to get rid of undigested yeasts, the macrophages were treated with LPS and ATP to
induce cell apoptosis (2). First, mice were injected with different doses of HKHc-pulsed
apoptotic macrophages through the subcutaneous route, and CD8 T cell response was
evaluate by intracytoplasmic cytokine staining. Mice injected with live He, HKHc or RPMI
were also included. Figure 5 shows that CD8 T cells from mice injected with HKHec-pulsed
apoptotic macrophages were activated to produce IFN 7. The number of IFN 7 -producing
CD8 T cells was dose-dependent on the number of apoptotic cells injected. However,
injection of HKHc-pulsed apoptotic macrophages was not as efficient as injection of live He

in inducing CD8 T cell IFN 7 production (Figure 5). The result implies that
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cross-presentation of antigens acquired from antigen-pulsed apoptotic macrophages occurs in
vivo. It also suggests that apoptotic cell-induced cross-priming may not the only way to elicit

CDS8 T cell activation after live He injection.

Cell apoptosis is important for CD8 T cell cross-priming in vivo. To further investigate the

role of cell apoptosis in CD8 T cell activation, macrophages were cocultured with or without
HKHc and then induce apoptosis or not. These cells were injected into subcutaneous sites of
mice, and IFN 7 -producing CD8 T cells were detected. The results in Figure 5 show that
injection of HKHc-pulsed apoptotic macrophages [Apoptotic pMac (HKHc)] efficiently
induced CD8 T cell IFN v production. In contrast, HKHec-pulsed non-apoptotic macrophages
[pMac (HKHc)] did not further trigger T cell response as compared to that of HKHc injection
[HKHc]. Neither macrophages [pMac] nor apoptotic macrophages [Apoptotic pMac] without
antigen pulse stimulated IFN 7 -producing CD8 T cells. These results suggest that cell
apoptosis and antigen-containing are important for CD8 T cell activation in vivo. Moreover, it
has been published that apoptotic cell can serve as adjuvant rather than antigen processing
cell to activate TLR2 signaling (10). Thus, we injected apoptotic macrophages mixed but not
cocultuered with HKHc [Apoptotic pMac+HKHc] to study whether Histoplasma antigens
required for CD8 T cell cross-priming need to be processed in apoptotic cell. Results showed
that injection of apoptotic macrophages mixed with HKHc was not any more efficient than
that injection of HKHc in stimulating IFN v © CD8 T cells (Figure 5). This confirms cell
process of antigen is important for cross-presentation. Hence, we proposed that Histoplasma
antigens which are processed in apoptotic cells are the major sources for cross-presentation

and cross-priming.
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Figures and legends

Figure 1. Subcutaneous injection of Histoplasma yeast cells induces CD8 and CD4 T cell
activation. (A) Wild-type B6 mice were subcutancous injected with live Histoplasma yeasts
(Live Hc), heat-killed Histoplasma (HKHc) or medium only control (RPMI) at day-14 and day0
(black arrows). At 5 days after second injection (red arrow), lymph node cells from draining
lymph nodes (DLN) were isolated. The cells were stimulated with (Stimulated) or without
(Unstimulated) HK Hc for 24 h and stained for surface CD4, CDS8 and intracytoplasmic IFN 7 .
(B) The data were analyzed by flow cytometry FACS Canto. The numbers in the figure indicate

the percentage of CD4 or CD8 T cells that produce IFN 7 . One representative result was shown.
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Figure 2. Histoplasma injection induces CD8 and CD4 T cell activation during the course
after secondary immunization. Mice were subcutaneous injected two times with live Hc, HKHc,
or RPMI as described in Figure 1. (A) The mice were sacrificed and the DLN cells were collected
at day3, 5, 7, 10 and 14 after secondary injection (red arrow). The cells were stimulated and
stained for IFN 7, CD4 and CDS. (B) The percentage of IFN 7 -producing CD8 or CD4 cells in
total CD8 or CD4 T cells. (C) Total number of IFN 7 -producing CD8 or CD4 T cells in the DLN.
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Figure 3. Macrophages and neutrophils are the major populations of infiltrating cells. (A)
Subcutaneously injection of live He induces massive cell infiltration. Mice were injected with
live Hc, HKHc or RPMI for 7 days. The cyrosection of injection sites were stained with H&E.
(right column, magnification, x40). The arrow indicated infiltrating cells. (B) Most of the
infiltrating cells are F4/80" and Gr-1". Mice were injected subcutaneously with live He. At day 5
after primary infection, the cyrosection of injection sites were prepared for staining.
PE-conjugated monoclonal antibodies against F4/80, Gr-1, CD3 and B220 were used. The slides
were counterstained with Hoechst and analyzed by confocal microscope (magnification, x630).
The white line indicates the 40 pm scale bar. (C) Infiltrating cells are isolated and analyzed by
FACS. At day 5 after primary injection of live Hc or HKHc, the subcutaneous injection sites were
collected and treated with 5 mg/ml type 4 collagenase for 1 h at 37°C. The debris was removed
by filter and the cells were collected by centrifugation. The cells were stained with anti-CD3,

B220, CDll1c, CD11b, F4/80, and Gr-1 antibodies to analyze the cell population.
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Figure 4. Subcutaneous injection of live Histoplasma induces macrophages and neutrophils
apoptosis. Mice were injected with live Hc for 5 days, and paraffin sections of injection sites
were prepared and subjected to TUNEL staining (B, F) following the manufacturer’s instruction.
The slides were also stained for surface Gr-1 (A-D) or F4/80 (E-H) by PE-conjugated mAbs and
counterstained with Hoechst (A, E). The slides were analyzed by confocal microscope
(magnification, x630). The images of TUNEL and surface Gr-1 or F4/80 staining were merged
(D, H). The white line indicates the 40 um scale bar. The white arrows indicate the apoptotic

Gr-1" or F4/80" cells.
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Figure 5. Apoptotic HKHc-containing peritoneal macrophage induce CD8 T cell IFN ¢y
production in a dose-dependent manner. Thioglycolate-elicited peritoneal macrophages were
harvested and allowed to ingest heat-killed Histoplasma yeasts. After wash, the macrophages
were treated with LPS and ATP to induce cell apoptosis. Mice were injected with 1, 5, 10, or 20x
10° apoptotic macrophages twice with two week interval, and lymph node cells were harvested at
day5 after secondary injection. Mice injected with live Hc, HKHec, or RPMI was used as control.

The cells were stimulated and analyzed by flow cytometry as described in Figure 1.
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Figure 6. Antigen-engulfing peritoneal macrophage apoptosis is important to induce CD8 T
cell IFNy production in vivo. Thioglycolate-elicited peritoneal macrophages (2x10°) were
allowed to ingest heat-killed Histoplasma yeasts [(HKHc)] or left untreated. After wash, the
macrophages were treated with LPS and ATP to induce apoptosis or not. Mice were injected with
apoptotic [Apoptotic pMac (HKHc)] or non-apoptotic [pMac (HKHc)] HKHc-pulsed peritoneal
macrophages, or apoptotic [Apoptotic pMac] or non-apoptotic [pMac] macrophages without
antigen pulse. Apoptotic macrophages mixed with HKHc [Apoptotic pMac+HKHc] were injected
into mice. IFN ¥ © CD8 T cells were analyzed at day5 after secondary injection. *** p<0.005,
n=3~4.



Figure 6.

(A)

(B)

HKHc

25 1
S
=
(e.e]
O
S 15 |
S
S
F
a
+U 05
30

0

KHc  Apoptotic Apoptotic Apoptotic  pMac pMac
pMac pMac pMac (HKHc)
(HKHc) +HKHc

300 s
6 I 1
E 250
3
g 200
2
B 150
%
a
) 100
Ten
= == - i i

0

Apoptotic Apoptotic Apoptotic pMac pMac
pMac pMac pMac  (HKHc)
(HKHc) +HKHc




