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Summary

Cryptosporidium parasites that express model antigens were generated to
dissect how parasite-specific CD4* T cells are primed and mediate effector
functions required to control this enteric pathogen. cDC1s produced IL-12p40
and were required for early expansion and gut homing of CD4* T cells. However,
IL-12p40 was only required for the development of Th1 CD4+ T cell effector

function in the gut.
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Abstract

Cryptosporidium is an enteric pathogen that is a prominent cause of diarrheal
disease. Control of this infection requires CD4* T cells, though the processes that
lead to T cell-mediated resistance have been difficult to assess. Here,
Cryptosporidium parasites that express MHCII-restricted model antigens were
generated to dissect the early events that influence CD4+ T cell priming and
effector function. These studies highlight that parasite-specific CD4* T cells are
primed in the draining mesenteric lymph node (mesLN) and differentiate into Th1
cells in the gut, where they mediate IFN-y-dependent control of the infection.
Although type 1 conventional dendritic cells (cDC1s) were not required for initial
priming of CD4+* T cells, cDC1s were required for CD4* T cell expansion and gut
homing. cDC1s were also a major source of IL-12 that was not required for
priming but promoted full differentiation of CD4* T cells and local production of
IFN-y. Together, these studies reveal distinct roles for cDC1s in shaping CD4+ T
cell responses to enteric infection: first to drive early expansion in the mesLN and

second to drive effector responses in the gut.
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Introduction

Conventional dendritic cells (cDCs) are professional antigen presenting cells
(APCs) located in peripheral and lymphatic tissues that serve as an intermediary
between the innate and adaptive immune systems. Relevant DC functions
include the ability to detect microbial ligands and danger signals, which can lead
to cDC production of cytokines, up-regulation of costimulatory molecules, and
MHC-restricted presentation of peptide antigens to CD4* and CD8* T cells (1).
cDCs can be defined based on developmental origin as either type 1 (cDC1) or
type 2 (cDC2), where cDC1s rely on the transcription factors BATF3 and IRF8 for
development and are specialized to cross-present antigens to CD8+* T cells. In
contrast cDC2s rely on the transcription factor IRF4 and prime CD4+ T cells (1).
This division of labor is based in part on early studies where cDC2s were shown
to be superior at MHCIl presentation of soluble ovalbumin (OVA) or OVA
complexed to antibodies targeting DC surface receptors (2,3). However, there
are examples that do not easily fit this paradigm that include the presentation of
cell-associated antigens derived from tumors or intracellular infections that drive
Th1 responses (4). Thus, studies have reported poorer MHCIl antigen
presentation by cDC2s when compared to cDC1s in these contexts (5,6). Indeed,
cDC1s express MHCII and are also known to produce cytokines such as IL-12
and IL-27 that can promote Th1 CD4+ T cell responses (7,8). The rules that
govern this division of labor and how they relate to different infections with

tropisms for diverse host cell populations is not well defined.

In the gut, cDC1s and cDC2s have been shown to have distinct roles in the
regulation of inflammatory and tolerogenic CD4* responses. For example, cDC1s
can cross-present epithelial-derived antigens to CD8* T cells, provide signals
necessary for maintenance of intraepithelial lymphocytes (IELs), and maintain

homeostatic Th1 CD4+ T cells (8-10). Conversely, cDC2s are necessary for
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induction of anti-helminth Th2 responses (11) and Th17 responses during
homeostasis and against fungal pathogens (12,13). Additionally, unique
populations of APCs exist in the gut associated with the development of
tolerance (14), whose role in infection-induced CD4* responses remains poorly
understood. The presence of these diverse APC subsets and their distinct
functions likely reflects the need for the intestine to regulate CD4+ T cell functions
to respond to diverse microbial challenges while being able to maintain tolerance.
It is therefore critical to understand how responses to enteric pathogens are

regulated in order to respond to the infectious challenge appropriately.

Cryptosporidium species are important causes of diarrheal illness globally and
are associated with significant morbidity and mortality (15,16). Fecal-oral
transmission of these parasites causes self-limited disease in immunocompetent
individuals, which can be life-threatening in the immunocompromised host
(17-21). Cryptosporidium displays a strict tropism for intestinal epithelial cells
(IECs), however unlike several model intestinal pathogens (such as Salmonella,
Listeria, and Toxoplasma), Cryptosporidium does not breach the epithelial barrier
and completes its entire lifecycle within the small intestine of a single host
(22-24). 1t is well-established that mice deficient in IL-12p40 or IFN-y are highly
susceptible to Cryptosporidium, in part because these cytokines can drive innate
lymphoid cell (ILC) production of IFN-y to promote early resistance to the
parasite (25-32). However, long-term control of Cryptosporidium is dependent on
T cells, and mice and humans with primary and acquired defects in T cell function
can fail to clear the parasite (25,33,34). Thus, multiple studies have highlighted
that CD4* Th1 responses are important for resistance to Cryptosporidium.
Recent work has shown that type 1 conventional dendritic cells (cDC1s) are a
source of IL-12 that promotes Th1 CD4+* responses to mediate resistance to

Cryptosporidium (35-37). However, the ability to define the processes that
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promote CD4* T cell responses relevant to Cryptosporidium has been hampered
by a paucity of reagents to distinguish T cell responses to the pathogen from

those activated T cells that exist in the gut at homeostasis (38-41).

In order to understand the development of parasite-specific CD4* T cell
responses and how these promote control of Cryptosporidium, transgenic
parasites were engineered to express different peptide MHCII-restricted model
antigens. The use of these parasite strains revealed that while Cryptosporidium-
specific CD4+ T cells are primed in the mesenteric lymph node (mesLN), they
only acquire full Th1 features such as T-bet and IFN-y expression after trafficking
to the gut. While cDC1s were a major source of IL-12 that is important for the
generation of Th1 responses and were required for expansion and gut-homing of
CD4+T cells, IL-12p40 only drove local IFN-y production and retention of CD4+ T
cells in the gut but not early processes. These studies indicate that cDC1s
provide IL-12p40-independent functions in the mesLN and -dependent functions
in the gut to promote local protective CD4+ T cell responses against an enteric
pathogen. Together, these studies reveal distinct roles for cDC1s in shaping
CD4+ T cell responses to enteric infection: first to drive early expansion in the

mesLN and second to drive effector responses in the gut.

Results
Engineering Cryptosporidium to express MHCII-restricted model antigens

We have recently engineered transgenic Cryptosporidium to express the MHCI-
restricted epitope SIINFEKL at the C-terminus of the parasite effector MEDLE2
(which is secreted into the host cell cytoplasm during the intracellular stages of
infection (42)) to track parasite-specific CD8+ T cell responses (43 Preprint). A

similar approach was adopted to analyze CD4+ T cell responses by engineering
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transgenic C. parvum (Cp) to express a neomycin resistance marker and
nanoluciferase (nluc) to measure fecal oocyst shedding, as well as the
fluorescent protein mNeon in the parasite cytoplasm. These parasites were also
modified to express either the 2W1S or the LCMV-gpei-so (gp61) MHCII-
restricted epitopes in combination with hemagglutinin (HA) as small peptide tags
attached to the C-terminus of MEDLE2 (Fig 1a, SFig 1a). B6 mice possess a
high precursor frequency of 2W1S-specific CD4+ T cells (44), while the gp61
peptide is the target of TCR-transgenic CD4+ T cells from SMARTA mice (45). To
assess localization of the transgenic Cryptosporidium proteins, HCT8 cells were
infected with either Cp-2W1S or Cp-gp61 and immunofluorescence microscopy
was performed to detect the HA epitope. As shown in Fig 1b, for both
constructs, the expression of mNeon (arrowed, green) provided the ability to
distinguish infected from uninfected cells, while staining for HA (red) revealed
that secretion of the transgenic proteins was restricted to the cytosol of infected

cells (Fig 1b).

To determine if these different parasite strains could stimulate endogenous
2W1S-tetramer+ CD4+ T cell responses or adoptively-transferred CD45.1+
SMARTA T cells, initial studies were performed in /Ifng”- mice to permit robust
Cp replication. In uninfected Ifng~- mice, 2W1S-tetramer+ and SMARTA T cells
(20,000 transferred) were not detected in the draining mesenteric lymph node
(mesLN), the small intestine lamina propria (SILP), or the intraepithelial
lymphocyte compartment (IEL) (Fig 1c-d). In contrast, at 10 days post infection
(dpi) Cp-2W1S was associated with the emergence of 2W1S-tetramer+ T cells
but did not result in bystander activation of the SMARTA T cells. In contrast,
infection with Cp-gp61 led to expansion of CD45.1+ SMARTA T cells but not the

2W1S-tetramer+ T cells (Fig 1c-d). These datasets establish that these parasite-


https://doi.org/10.1101/2023.11.11.566669
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.11.566669; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Page 8

derived MHCII-restricted model antigens lead to the antigen-specific activation

of CD4+T cells.

Cryptosporidium-specific CD4+ T cells produce IFN-y locally in the gut to

control infection

Since T cell-mediated resistance to Cryptosporidium is associated with the
production of IFN-y, studies were performed to determine whether the response
to these model antigens reflected the natural response to this pathogen.
Therefore, mice in which the gene for the surface-expressed protein CD90.1 is
under the control of the Ifng promotor (46) were infected with Cp-2W1S. In WT
mice infected with Cp-2W1S, it was difficult to reliably detect 2W1S-tetramer+
CD4+ T cells, reflecting the inability of Cp to robustly infect immune competent
WT mice (Fig 2a-b) (31). Blockade of IFN-y during infection allowed for increased
parasite burden and more reliable detection of 2W1S-tetramer+ cells at 10 dpi
(Fig 2a-b) (32). In the absence of infection or without anti-IFN-y treatment, few
CD4+ T cells in the mesLN, SILP, or IEL expressed IFN-y (CD90.1+) (Fig 2c-d,
SFig 2a). In infected mice, when IFN-y was blocked few (<5%) cells in the
mesLN were CD90.1+ (Fig 2d, SFig 2a). In the SILP, there was minimal
production of IFN-y by the polyclonal populations, but ~25-50% of tetramer+
cells were CD90.1+, (Fig 2c-d). In contrast, in the IEL, ~50-75% of tetramer+ cells

were CD90.1+, with similar percentages in polyclonal CD4+ |IELs (Fig 2c-d).

Likewise, SMARTA T cells were isolated from the mesLN and SILP of WT mice
infected with gp61-expressing parasites, stimulated with gp61 peptide ex vivo,
and subjected to intracellular staining for IFN-y. A cohort of mice was treated

with anti-IFN-y during infection to increase parasite burden. Regardless of anti-
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IFN-y treatment, few SMARTA T cells in the mesLN produced IFN-y after peptide
restimulation (Fig 2e, SFig 2b). Among SILP SMARTA T cells from untreated
mice, <56% of cells produced IFN-y, whereas 20-30% of SMARTAs from anti-
IFN-y-treated IFN-y+ (Fig 2e). IFN-y production could also be detected in IFN-y
reporter SILP but not mesLN SMARTA T cells that expressed CD90.1 under the
control of the Ifng promotor (Fig 2f). These data collectively indicate that the
ability of Cryptosporidium-specific CD4+ T cells to produce IFN-y (even during

restimulation with exogenous peptide) is restricted to the SILP and IEL and does

not occur in the mesLN.

In order to determine whether SMARTA CD4+ T cell-derived IFN-y is protective,
Ifng”- mice were infected with Cp-gp61. One day prior to infection, a cohort
received 108 IFN-y-sufficient at CD4+ T cells. In /fng”- mice that did not receive T
cells, infection peaked at ~d9 and oocyst shedding subsequently decreased
though mice remained chronically infected (Fig 2g). In mice that received IFN-y-
sufficient SMARTA T cells, infection also peaked at ~d9, but oocyst shedding
dropped faster and fell below the limit of detection (Fig 2g). This protective
effect of the SMARTA T cells was abolished in mice treated with anti-IFN-y (Fig
29g). These datasets highlight the utility of this transgenic system and reveal a
protective effect for CD4+ T cell-derived IFN-y whose production is limited to the

gut.

Cryptosporidium-specific CD4+ T cells express distinct activation states

associated with Th1 responses and mucosal tissue residency

Next, WT mice were utilized to study CD4+ T cell responses in an immune-

competent setting. Because conventional Cp does not readily infect WT mice, a
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mouse-adapted strain of mCherry-expressing C. parvum (maCp) (32) was
engineered to express model antigens. As the maCp strain was previously
engineered with neomycin resistance to drive mCherry and nluc expression, a
second marker was introduced to confer resistance to the recently-described
bicyclic azetidine BRD7929 that targets Cp phenylalanine tRNA synthetase
(pheRS) (47,48). Hence, the Cp pheRS locus was modified to alter leucine at
position 482 to valine, conferring resistance to BRD7929 as previously
described (49). Model-antigen-tagged MEDLE2 was introduced under the Cp-
enolase promotor immediately following the transgenic pheRSR, such that
BRD7929-resistant parasites (maCp-ova-gp61) would express ectopic MEDLE2-
SIINFEKL-gp61 (SFig 3a-b). Infection of WT mice with maCp-ova-gp61
combined with adoptive transfer of SMARTA T cells and high-parameter flow
cytometry provided the opportunity to compare polyclonal and parasite-specific
CD4+ T cell responses against Cryptosporidium in WT mice. This comparison
allowed for assessment of CD4+ T cell expression of transcription factors (TFs)
for Th lineages (T-bet for Th1, RORyT for Th17, and Foxp3 for Treg) and surface
markers associated with Th1 cells (CXCR3, SLAM, IL-18Ra), antigen-
experience/activation (CD44, CD69, CD40L, Ly6A/E), and mucosal association
(LPAM-1, CD103). UMAP projection of aggregated CD4+ T cells from all tissues
(SMARTAs and non-SMARTAs from the mesLN, SILP, and IEL) and conditions
(uninfected and infected) was performed. A comparison of CD4+T cells by tissue
highlighted that mesLN and IEL CD4+T cells occupied distinct regions in UMAP
space while those in the SILP resembled both the mesLN and IEL (Fig 3a).
When X-Shift unbiased clustering analysis of the aggregated CD4+ T cells was
performed, 11 clusters were apparent (Fig 3b-c, SFig 3c). Cluster 1 consisted

mainly of CD4+T cells from the mesLN that were LPAM-1-hi (Fig 3b, SFig 3e).
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Th1 CD4+ T cells could be identified by high T-bet expression in clusters 2-7,
while Th17 associated with RORyT expression was limited to cluster 8, and
Foxp3+ Tregs could be found in clusters 9-11 (Fig 3b, SFig 3e). Further analysis
of the T-bet+ clusters showed that the majority of clusters 3-6 was composed of
CD4+T cells from the SILP and IEL of infected mice that increased in frequency

during Cryptosporidium infection (Fig 3d-e, SFig 3d).

Because SMARTA T cells were only detected in these tissues during infection
(Fig 1b-c), this provided an opportunity to compare the Cryptosporidium-
induced SMARTA CD4+ T cells to polyclonal responses. In UMAP space,
SMARTA T cells fell into a CD44-hi region near highly activated Foxp3+ cells in
all tissues (Fig 3f-h). However, the majority of SMARTA T cells were present in T-
bet+ clusters and were most represented in clusters 4 and 5 (Fig 3g). Cluster 4
was CD103+ while cluster 5 was associated with high levels of IL-18Ra, SLAM,
and the activation marker Ly6A/E. Across all T-bet+ clusters, CD103 and Ly6A/E
were inversely correlated and cells occupied different regions in UMAP space

(Fig 3b, f).

This analysis indicates that the infection-induced activation of the SMARTA T
cells mirrors the processes associated with the endogenous polyclonal
responses. Therefore, this system described above was used to understand
how SMARTA T cell expression of lineage-defining transcription factors (TFs; T-
bet, GATA3, RORyT, Foxp3) and Tth markers (Bcl-6, PD-1, CXCR5) varied across
tissues. In the mesLN of uninfected mice the majority (>80%) of (hon-SMARTA)
CD4+ T cells expressed no lineage-defining TFs (T-bet-GATA3-RORyT-Foxp3-;
henceforth referred to as TF-), and therefore appeared uncommitted to any one
Th subset. At 10 dpi, despite an increased number of CD4+T cells in the mesLN,

the majority (~80%) of polyclonal CD4+ T cells in this tissue remained TF- (Fig


https://doi.org/10.1101/2023.11.11.566669
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.11.566669; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Page 12

4a-b, SFig 4a-b). However, all SMARTA T cells in the mesLN of infected mice

were antigen experienced (~100% CD44+) and ~30-40% were T-bet+ (Fig 4a-b).

In the SILP of uninfected mice, distinct Treg (Foxp3+), Th17 (RORyT+), and Th1
(T-bet+) populations could be identified, although 60% of CD4+T cells here were
TF- and no Th2 cells (GATA3+) could be identified (Fig 4a-b, SFig 4a-b). While
infection did not lead to a significant change in the percentage of SILP
polyclonal CD4+ T cells that were TF-, ~40% of SMARTA T cells were T-bet+
compared to ~20% of the polyclonal CD4+ T cells (Fig 4a-b). In the IEL of
uninfected mice, 60% of CD4+ T cells were TF- (similar to the mesLN and SILP)
but, after infection the percentage of CD4+ T cells that were TF- in the IEL
decreased to <20% (Fig 4b). This was accompanied by a significant increase in
the number and relative percentage of T-bet+ Th1 CD4+T cells in the IEL (Fig 4a-
b, SFig 4a). Similarly, >75% of SMARTA T cells in the IEL expressed T-bet (Fig
4a-b) and also expressed IL-18Ra, SLAM, CXCRS3, Ly6A/E and CD69 (Fig 4c-d,
SFig 4d-e). The only marker significantly higher in mesLN SMARTAs compared
to in the gut was LPAM-1 (Fig 4c-d), consistent with its role in trafficking to the
gut and subsequent downregulation. Additionally, a small percentage (3-4%) of
SMARTA T cells in the mesLN were CXCR5-hi, PD-1-hi, and Bcl6-hi—
suggesting some antigen-specific cells were Tfh (SFig 4f-g). This ability to focus
on the SMARTA T cell response highlights that the parasite-specific CD4+ T cell
response to Cryptosporidium is characterized by progressive changes in
activation status as T cells transit from priming in the mesLN to effector

functions in the IEL.
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Cryptosporidium infection induces differential activation of cDC1s required

for expansion and gut homing of CD4+ T cells

Although DCs and IL-12 are important for resistance to Cryptosporidium (35,36),
the role of different DC subsets on CD4+ T cell responses to Cryptosporidium is
unclear. Therefore, DCs in the mesLN and SILP were profiled for activation
markers and IL-12p40 production in order to understand how infection alters
these accessory cells. At 4 dpi, the numbers of cDC1s and cDC2s in the mesLN
and SILP were not significantly changed (SFig 5a). Additionally, cDC2s showed
little change in expression of activation markers (CD40, CD86, MHCII) or
IL-12p40 expression at 4 dpi (Fig 5a-b, SFig a-c). In contrast, cDC1s showed
increased expression of CD40 in the mesLN and SILP, and up-regulation of
CD86 and MHCII in the SILP (Fig 5a-b). Regardless of infection status, cDC1s in
the mesLN produced low levels of IL-12p40 (Fig 5¢, SFig 5a) (50). However,
after infection, cDC1s showed a marked upregulation of IL-12p40 in the SILP
(Fig 5c-d). Thus, locally-activated cDC1s within the SILP are a major source of

IL-12p40 during Cryptosporidium infection.

To examine the contribution of cDC1s to CD4+ T cell responses to
Cryptosporidium, 1x108 SMARTAT cells that express Nur77-GFP as a reporter of
TCR activation (51) were labeled with CellTrace Violet (CTV). One day prior to
infection, these cells were transferred into WT control mice and mice that lack
cDC1s (Irf8+32--). At 1 dpi with maCp-ova-gp61, in WT mice few SMARTAT cells
could be found in the mesLN, and by 4 dpi small numbers of Nur77+ SMARTAs
were present but had not yet proliferated (Fig 6a). By 6 dpi, >90% of SMARTA T
cells had divided, and those cells that had undergone >5 rounds of division had
up-regulated CXCR3 and the gut homing receptor LPAM-1 (Fig 6b-e). Similar to
WT mice, in Irf8+32-- mice few SMARTA T cells could be found in the mesLN on
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1 dpi, where small numbers of Nur77+ SMARTAs were present but had not yet
proliferated (Fig 6a). By 6 dpi in the mesLN of /rf8+32/- mice, a lower percentage
of SMARTASs had divided than in WT mice (80% in Irf8+32-- mice compared to
>90% in WT, Fig 6a-b). Strikingly in contrast to WT mice, in /rf8+32-- mice, the
most-divided SMARTAT cells had reduced ability to express LPAM-1 as well as
CXCRS3 (Fig 6¢-e). Consistent with this observation, despite elevated parasite
burden (data not shown), at 10 dpi /rf8+327- mice had reduced numbers of
SMARTAT cells in the mesLN and an absence of these cells in the SILP and IEL
(Fig 6f-g). Additionally at this timepoint, while in WT mice SMARTAT cells
expressed IL-18Ra in the mesLN, in /Irf8+32-- mice cells did not express this
receptor (Fig 6h-i). Together, these data suggest CD4+*T cells responding to
Cryptosporidium do not require cDC1s for priming but instead rely on these cells
for early signals leading to optimal proliferation, cytokine/chemokine receptor

expression, and homing to the gut.

IL-12p40 is dispensable for priming but is required for CD4* T cell

production of IFN-y in the gut

To determine the role of IL-12p40 on the CD4+T cell response, SMARTA CD4+ T
cells were profiled using in vivo blockade of IL-12p40. IL-12p40 blockade led to
a marked increase in parasite burden (Fig 7a). Blockade of IL-12p40 did not
impact the ability of SMARTA CD4+ T cells to traffic to the SILP or IEL (Fig 7b).
However, IL-12p40 blockade did reduce the absolute number of SMARTA T in
the IEL, with similar results in //12b- mice (Fig 7b-c, SFig 7a-b). Blockade of
IL-12p40 also led to a reduction in expression of T-bet and IL-18Ra in SMARTA T
cells (Fig 7d-g). Because IL-18 and IL-12 can drive CD4+ T cell IFN-y production
(52), the influence of these cytokines on IFN-y expression by SMARTA T cells

was assessed. SMARTA T cells expressing the surface protein CD90.1 under
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the control of the Ifng promotor were transferred into /fng”’- mice (in order to
remove confounding effects of IL-12p40 or IL-18 on innate cell production of IFN-
y) 1 day prior to infection with Cp-gp61. Mice were treated with isotype control,
anti-IL-18, anti-IL-12p40, or anti-IL-18 plus anti-IL-12p40 1 day prior to infection
as well as 2, 5, and 8 dpi. Mice were sacrificed at 10 dpi and expression of
CD90.1 and IL-18Ra on SMARTA T cells was assessed by flow cytometry. In
control mice roughly ~40% of SMARTAT cells in the SILP and ~60% of SMARTA
T cells in the IEL were CD90.1+, and treatment with anti-IL-18 did not alter these
responses (Fig 7h-i). In contrast, blockade of IL-12p40 led to a marked reduction
in the percentage of SMARTA T cells that were CD90.1* and a reduction in
IL-18Ra expression (Fig 7h-i, SFig 7c). Blockade of IL-18 alone or in
combination with anti-IL-12p40 did not lead to further reductions in the
percentage of cells that were CD90.1* (Fig 7h-i). These data suggest that
IL-12p40 is not required for initial priming, expansion and gut-homing of
Cryptosporidium CD4+* T cells but is required for their accumulation in the gut and

local expression of T-bet, IL-18Ra, and production of IFN-y.

Discussion

Although it has been accepted for several decades that CD4+ T cells are
essential for clearance of Cryptosporidium (53,54), there are many fundamental
questions about how these protective lymphocytes are generated and mediate
resistance to this common enteric infection. The absence of well characterized
endogenous MHClII-restricted Cryptosporidium antigens has made it a challenge

to distinguish parasite-specific CD4+* T cell responses from the many T cells in the
gut that possess an “activated but resting” phenotype at baseline (38-41). To

overcome these obstacles, we took advantage of the recent development of
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parasite transgenesis (55) to engineer Cryptosporidium to express MHCII-
restricted model antigens. When combined with MHCII-tetramers and SMARTA
TCR transgenic T cells these parasites allowed for the identification of CD4+ T
cells that have responded to Cryptosporidum-derived antigens. In accord with
current models, these CD4+ T cell responses to Cryptosporidium were
dominated by the production of IFN-y in the gut that was sufficient to mediate
parasite clearance. This tool set also allowed us to study the initial priming of
these CD4+ T cells and unexpectedly highlighted that recently activated
SMARTA T cells in the mesLN were unable to make IFN-y and only acquired the
ability to produce IFN-y in the SILP and IEL, which was associated with
expression of T-bet. While cDC1s were not required for initial priming of the
SMARTA CD4+ T cells, these accessory cells did have a dual role in CD4+ T cell
responses: first in the mesLN to drive early expansion and gut homing, and later,
at the site of infection where cDC1 production of IL-12p40 stimulated CD4+* T cell
IFN-y production, T-bet expression, and tissue retention. Thus, Cryptosporidium-
specific CD4+ T cells are primed in the mesLN but require signals within the gut—

including IL-12p40—to achieve full effector capacity.

In other systems, early IL-12 has been shown to be important in the initial
development of Th1 responses (56,57), but whether it is needed at later time
points for Th1 effector responses depends on the experimental system (58-61).
One possible explanation that might influence the degree of Th1 commitment in
CD4+ T cells after priming is whether the pathogen is restricted to a barrier site
like the gut, skin, or lungs, or is one that disseminates more widely. For systemic
pathogens like Toxoplasma gondii, parasite dissemination leads to the early
presence of parasites in lymphoid tissues and local production of IL-12 that
results in the rapid commitment to the Th1 phenotype (58,62). When this occurs

following oral infection with T. gondii, these heightened CD4* T cell responses
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can result in an IFN-y-mediated lethal ileitis (63). For Cryptosporidium, there is
no evidence of immunopathology mediated by CD4+ T cells and perhaps a lack
of commitment to a Th1 effector program during priming ensures that parasite-
specific CD4+ T cells provide highly localized production of IFN-y and thereby
mitigate IFN-y-mediated immunopathology. This is similar to the concept that
CD4+ T cell plasticity allows them to respond to contextual signals to tailor their
function to the different infection. Indicative of this plasticity, influenza-specific
Th1 CD4* Trm in the lung exposed to Th2-inducing signals will down-regulate T-
bet and IFN-y production (64), while the ability of conventional Th1 cells to
become cytotoxic CD4+ T cells during primary infection in the lung requires local

antigen presentation and exposure to IL-15 (65).

Since the original description of cDC1 and the availability of mice that lack this
subset, they have been prominently linked to cross presentation and the
production of IL-12 (2,7,66,67). The studies presented here indicate that while
cDC1 are not required for the initial priming of Cryptosporidium-specific CD4+ T
cells they provide secondary signals required for CD4* T cell expansion, gut
homing, and expression of Th1 factors like T-bet and IFN-y. Similarly, a recent
report highlighted that /rf8+32+ mice infected with Cryptosporidium tyzzeri
develop parasite-specific CD4* T cell responses but these are T-bet deficient
(37). However, unlike the present study, these CD4* T cell populations can
access the SILP (37). This different requirement of cDC1 for homing and
retention may reflect species differences (C. parvum is adapted to humans and
cattle and C. tyzzeri causes persistent infection in mice) but for both species,
cDC1s have a profound influence on the process that generate protective CD4+ T
cell responses in the gut. Given the importance of cDC1-derived IL-12 in the
development of Th1 responses (68), it was an initial surprise that CD4+ T cell

responses in the absence of IL-12p40 did not phenocopy those from [rf8+32-
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mice. This difference underscores IL-12-independent functions for cDC1s to
support CD4+ T cell responses in the gut. One plausible mechanism is the ability
of gut-associated CD103* cDC1s to produce retinoic acid that promotes
expression of the gut homing integrins that drive T cell recruitment to the small
intestine (9). In addition, the CD40-CD40L interaction is an important pathway for
the control of Cryptosporidium (69), which has a prominent role in DC licensing
(70) and in the mesLN can promote cDC1 IL-27 production (71). The observation
that IL-27 is required shortly after weaning for the priming of Th1 cells and their
accumulation in the SILP (8) suggest that this factor may also be relevant to the

ability of cDC1 to promote Th1 responses to a mucosal pathogen.

Because Cryptosporidium is restricted to IECs and does not infect professional
APCs, there are basic questions about how parasite-derived antigens gain
access to the mLN and whether APCs at the site of infection can acquire
parasite antigens and support local CD4+* T cell function (54). Interestingly, IECs
can express MHCII, and differentiation of CD4+ T cells into CD4+*CD8aa IELs
within the gut requires MHCII expression on IECs (72). During Cryptosporidium
infection, IFN-y signaling on IECs leads to higher MHCII and CIITA expression
(32,73 Preprint), which may facilitate the ability of IECs to engage effector CD4+*

T cells within the IEL. Alternatively, during murine adenovirus (AdV) infection,
viral specific effector Ly6A* CD4+ T cells acquire “innate-like” functions in the gut

and can produce IFN-y after exposure to IL-12 plus I1L-18 without TCR stimulation
(52). It is notable that that while IEC-derived IL-18 is important for ILC production
of IFN-y and innate resistance to Cryptosporidium (28,32,74,75), the blockade of
IL-18 did not result in reduced CD4* T cell production of IFN-y. Rather, IL-12
appears to be a dominant signal three required for these protective responses,

but whether this depends on local TCR signals remains to be determined.
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While the CD4* T cell response to Cryptosporidium is characterized by a
dominant Th1 phenotype, there is also the presence of a small population of
Th17 cells, that is perhaps most apparent in the /rif8+327- mice infected with C.
tyzzeri (37). Likewise, in the studies presented here a small percentage of
SMARTA T cells were RORyT* but there is little appreciation of the role of Th17
associated cytokines (IL-17, IL-22, GM-CSF) in resistance to Cryptosporidium
(76,77). Nevertheless, this mixed Th1/Th17 response is reminiscent of recent
work that compared the T cell responses in the gut to Salmonella, Citrobacter

and Nippostronglyus brasiliensis which concluded that these diverse challenges
can result in “mixed” responses that consist of cells that display Th1-like and

Th17-like features (78). These observations led to the suggestion that pathogens

exert broad influence on the state of CD4+ T cells that cannot be captured merely
by classifying pathogens as eliciting “Th1” or “Th17” responses (78). It is possible

that this may be a byproduct of a less differentiated state associated with
mucosal priming (see earlier discussion) but we and others have noted the
presence of a prominent IFN-y-independent CD4+ T cell dependent mechanism
to control Cryptosporidium (31,33). The basis for this phenomenon is unclear
(73), but the availability of these transgenic parasites should facilitate studies to
directly assess what IFN-y-independent functions of CD4+* T cells mediate control

of Cryptosporidium.
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Materials and methods

Mice

C57BL/6 (stock no: 000664), Nur77-GFP reporter mice (stock no: 016617),
CD45.1 C57BL/6 mice (stock no: 002014), SMARTA CD45.1 mice (stock no:
030450), Irf8+32-- mice (stock no: 032744), 1112b/- mice (stock no: 002693), and
Ifng- (stock no: 002287) were purchased from Jackson Laboratories and the
SMARTA CD45.1, SMARTA x IFN-g-CD90.1, SMARTA x Nur77-GFP CD45.1,
Irf8+32--, I112b-, and Ifng”/- mice were maintained in-house. IFN-g-CD90.1
knock-in reporter mice were provided by Dr. Phillip Scott but originated in the
laboratory of Dr. Casey Weaver (46). Mice used in this study were males or
females ranging from 4 to 10 weeks. All mice were age and sex matched within
individual experiments. All protocols for animal care were approved by the
Institutional Animal Care and Use Committee of the University of Pennsylvania
(protocol #805405 and #806292).

Plasmid construction

To see full list of primers used for plasmid construction, see Supplementary
Table 1. To generate Cp-2W1S and Cp-gp61: the pLIC_SINFEKL_gp61_HA
mNeon and pLIC_HA_2W1S_SIINFEKL plasmids, pLIC_HA_t2A_mNeon (79)
was amplified using primers 1 and 2 containing the SIINFEKL_gp61 sequence or
primers 3 and 4, containing the 2W1S_SIINFEKL sequence, respectively. PCR
fragments were subsequently re-ligated by T4 DNA ligase. Repair templates
were amplified using primers 5 and 6 with 30 bp overhangs either side of a Cas9
guide-induced double strand break in the MEDLE2 locus (Cgd5_4590). The
MEDLE?2 targeting guide plasmid was used as previously described (42).

To generate maCp-ova-gp61: the repair template encodes the last 113 bp of the
pheRS gene (cgd_3320, recodonized) (49 Preprint) including the mutation that

confers resistance (CTT to GTT at nucleotide position 1444; corresponding to
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L482V) to BRD7929. This short sequence is followed by MEDLE2-ova-gp61-HA
(where ova is SIINFEKL and gp61 is GLKGPDIYKGVYQFKSVEFD) driven by the
C. parvum enolase promotor, which was inserted using Gibson assembly into
the pheRSR plasmid previously generated (49). The repair template was
amplified using primers 7 and 8 with 30 bp overhangs on either side of a Cas9
guide-induced double strand break in the pheRS locus. The pheRS targeting
guide plasmid was used as previously described (49 Preprint).

Isolation of transgenic parasites

Transgenic parasites were derived as previously described (55). For Cp-2W1S
and Cp-gp61, 5x107 C. parvum oocysts (Bunchgrass, USA) were incubated in
1:4 ice cold bleach in PBS on ice for 10 minutes, washed in 1x PBS and
incubated in 0.8% sodium taurodeoxycholate to excyst sporozoites. For maCp-
ova-gp61, sporozoites were excysted by washing 60x107 mCherry mouse-
adapted C. parvum (maCp, described previously (32)) in 1x PBS and then
incubating in 10 mM HCI for 45 minutes at 37°C. Next, oocysts were pelleted,
washed twice in 1x PBS, and incubated in 0.2 mM sodium taurodeoxycholate
and 20 mM sodium bicarbonate in 1X PBS for 1 hour at 37°C to excyst maCp
sporozoites. Excysted sporozoites were resuspended in transfection buffer
supplemented with a total of 100 ug DNA (50 pg of Cas9/gRNA plasmid and 50
pg of repair template generated by PCR) and electroporated using an Amaxa 4D
nucleofector (Lonza, Basel, Switzerland). Cp-2W1S and Cp-gp61 parasites
carrying a stable transgene were selected with paromomycin (16 g/L) added to
the drinking water of orally-infected /fng”- mice. maCp-ova-gp61 were selected
using BRD7929 (48) orally gavaged daily (10 mg/kg/day) for the first six days
after transfection. Oocysts were purified from feces using sucrose floatation

followed by cesium chloride gradient as described previously (31).
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Mouse infection and measurement of parasite burden

For experiments using Cp-2W1S or Cp-gp61, Ifng’- mice were infected with
1x104 oocysts by oral gavage. For experiments using maCp-ova-gp61, mice
were infected with 5x104 oocysts by oral gavage. To quantify fecal oocyst
shedding, 20 mg of pooled feces was suspended in 1mL lysis buffer. Samples
were shaken with glass beads for 5min, then combined 1:1 ratio with Nano-Glo
Luciferase solution (Promega). A ProMega GloMax plate reader was used to
measure luminescence. Pooled samples from cages were used because
previous studies have demonstrated mice within each cage are equally infected
(80).

T cell transfers

For T cell transfers, SMARTA CD45.1 mice, SMARTA CD45.1 interbred with
CD45.1/Nur77-GFP reporter mice (where indicated), or SMARTA CD45.1
interbred with IFN-g-CD90.1 (where indicated) were used. To purify SMARTA T
cells, spleens and lymph nodes were isolated by dissociation over a 70 ym filter.
Red blood cells were lysed by incubation for 5 minutes at room temperature in
1mL of ACK lysis buffer (0.864% ammonium chloride (Sigma-Aldrich) diluted in
sterile-deionized H20) and then washed in complete RPMI (cRPMI, 10% fetal
calf serum, 0.1% beta-2-mercaptoethanol, 1% non-essential amino acids, 1%
sodium pyruvate, and 1% penicillin-streptomycin). SMARTA T cells were
enriched by magnetic activated cell sorting (MACS) using the EasySep™ Mouse
CD4+ T cell Isolation Kit (Stem Cell technologies). SMARTA purity was verified
(>80%) using flow cytometry for TCR Va2 and V(8.3 expression. 2x104-1x106
were transferred by intravenous injection into recipient mice. If using CellTrace
Violet, SMARTA T cells were fluorescently labelled using the CTV labeling kit

(Thermo Fisher Scientific) prior to i.v. transfer.
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Tissue isolation and flow cytometry

To harvest the epithelial/IEL fraction, single-cell suspensions were prepared from

ileal sections by shaking diced tissue at 37°C for 20 minutes in Hank’s Balanced

Salt Solution (HBSS) with 5 mM EDTA and 1 mM DTT. Cell pellets were then
passed through 70 pm and 40 ym filters. For lamina propria harvesting, the
remaining intestine after epithelial layer isolation was washed in HBSS plus
10mM HEPES to remove EDTA, minced with scissors, and incubated in
complete RPMI with 0.16 mg/mL Liberase TL (Roche) and 0.1 mg/mL DNase |
(Roche) with shaking for 30 minutes at 37°C. Cell pellets were then passed

through 70 pm and 40 um filters. lleal draining mesenteric lymph nodes and
Peyer's patches from the ileum as well as spleens were harvested and

dissociated through 70 um filters, then washed with cRPMI. Cells were washed
in FACS buffer (1x PBS, 0.2% bovine serum albumin, 1 mM EDTA), and
incubated in Fc block (99.5% FACS Buffer, 0.5% normal rat IgG, 1 pg/ml 2.4G2)
at 4°C for 15 minutes prior to staining. Cells were stained for cell death using
GhostDye Violet 510 Viability Dye or GhostDye Red 780 Viability Dye (TONBO
Biosciences) in 1x PBS at 4°C for 15 minutes. Cells were washed after cell death
staining and surface antibodies were added and stained at 4°C for 30 minutes. If
tetramer staining, prior to Fc block cells were washed with PBS+2% FCS and
then incubated in RPMI+10% FCS with tetramer at 37°C for 45 minutes. If
intracellular staining for transcription factors or cytokines was performed, after
surface staining cells were fixed using the eBioscience Foxp3 Transcription
Factor Fixation/Permeabilization Concentrate and Diluent (ThermoFisher
Scientific) for 45 minutes at 4°C. Cells were then stained for transcription factors
in 1x eBioscience Permeabilization Buffer (ThermoFisher Scientific) at room

temperature for 30 minutes. Cells were then washed in Permeabilization Buffer
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and then washed in FACS buffer prior to acquisition. For intracellular cytokine
staining of T cells, prior to plating for staining, single cell suspensions from each
tissue were plated in a 96-well plate and incubated with gp61 peptide and
Protein Transport Inhibitor Cocktail (eBioscience) in cRPMI for 3.5 hours at 37°C.
For intracellular cytokine staining of DCs, prior to plating for staining, single cell
suspensions from each tissue were plated in a 96-well plate and incubated with

Brefeldin A (Sigma Aldrich) in cRPMI for 6 hours at 37°C.
Cells were stained using the following fluorochrome-conjugated antibodies:

ef450 CD45.1 (clone 104, Invitrogen), BV605 CD44 (clone IM7, eBioscience),
BV711 CD45.1 (clone A20, Biolegend), Af700 CD90.2 (clone 3-H12, Biolegend),
PE CD8a (clone 53-6.7, eBioscience), BUV395 NK1.1 (clone PK136, BD),
BUV395 CD19 (clone ID3, BD), BUV805 CD (clone GK1.5, BD), ef450 IL-18Ra
(clone P3TUNYA, eBioscience), BV785 CD90.2 (clone 3-H12, Biolegend), APC-
€780 CD90.1 (clone H1S51, eBioscience), BUV395 EpCAM (clone G8.8, BD), PE
IL-17A (clone TC11-18H10.1, BD), BV711 TNFa (clone MP6-XT22, Biolegend),
PE CD45.1 (clone A20, BD), PE-Cy5 T-bet (clone 4B10, Invitrogen), PE-Cy5.5
Foxp3 (clone FJK-16.S, eBioscience), PE-Cy7 IL-2 (JES6-5H4, eBioscience),
BUV496 CD4 (clone GK1.5, BD), BUV737 IFN-y (XMG1.2, BD), BUV805 CD8a
(58-6.7, BD), FITC CD4 (clone GK1.5, eBioscience), biotin CXCR5 (clone
SPRCLS5, eBioscience), streptavidin BV421 (Biolegend), BV786 RORyT (clone
Q31-378, BD), Af647 GATA3 (clone L50-823, BD), PE Bcl-6 (clone 1G19E/A8,
Biolegend), PE-Cy7 PD-1 (clone J43, eBioscience), BUV496 CD44 (clone IM7,
BD), FITC Ly6C (clone AL-21, BD), ef450 CD11b (clone M1/70, eBioscience),
BV605 CD103 (clone 2E7, Biolegend), BV650 XCR1 (clone ZET, Biolegend),
BV711 CD26 (clone H194-112, BD), APC IL-12p40/p70 (clone C15.6, BD), I-A/E
Af700 (clone M5/114.15.2, eBioscience), APC-Cy7 SIRPa (clone P84,

Biolegend), PE CD40 (clone 1C10, eBioscience), PE-Cy5 CD86 (clone GL1,
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Biolegend), PE-Cy7 CD64 (clone X54-5/7.1, Biolegend), BUV395 CD3e (clone
145-2C11, BD), BUV395 B220 (clone RA3-6B2, BD), BUV737 CD11c (clone HL3,
BD), Af488 CD25 (clone PC61.5, eBioscience), APC CD45.2 (clone 104,
eBioscience), APC-Cy7 CD8a (clone 53-6.7, Biolegend), PE RORyT (clone B2D,
eBioscience), PE-Cy7 CD27 (clone LG.7F9, eBioscience), BUV737 CD69 (clone
H1.2F3, BD), FITC CD8a (clone 53-6.7, eBioscience), BV421 IL-23R (clone
12B2B64, Biolegend), BV785 CD25 (clone PC61.5, Biolegend), APC-Cy7 CD44
(clone IM7, Biolegend), PE LPAM-1 (clone DATK32, eBioscience), PE-Cy7
IL-18Ra (clone PSTUNYA, eBioscience), PE CD40L (clone MR1, Biolegend), PE-
Cy5 CD44 (clone IM7, BD), PE-Cy7 CD69 (clone H1.2F3, eBioscience), PerCP-
ef710 LPAM-1 (clone DATK32, eBioscience), APC TCR Vp5.1 (clone MR9-4,
Biolegend), PE TCR V8.3 (clone 1B3.3, Biolegend), PE-Cy7 CD90.1 (clone
H1S51, eBioscience), BUV563 CD8a (clone 53-6.7, BD), Af488 IL-12RB2 (clone
305719, R&D Systems), PerCP-ef710 IL-18Ra (clone P3TUNYA, eBioscience),
APC IL-21R (clone 4A9, Biolegend), BV421 XCR1 (clone ZET, Biolegend), APC
SIRPa (clone P84, Biolegend), APC-e780 CD11c (clone N418, eBioscience),
Bv421 SLAM (clone TCF-12F12.2, Biolegend), APC CD40L (clone MR,
Invitrogen), Af700 Ly6A/E (clone D7, eBioscience), APC-ef780 TCRp (clone
H57-597, eBioscience), PE-Cy7 IL-18Ra (clone P3TUNYA, eBioscience),
BUV805 CD8a (clone 54-6.7, BD) BUV496 CD44 (clone IM7, eBioscience).
Endogenous 2W1S:I-Ab responses were measured by 2W1S:I-Ab tetramer
conjugated to PE or APC (NIH Tetramer Core). Data were collected on a
FACSCanto, LSRFortessa, FACSymphony A3 Lite, or FACSymphony A5 (BD
Biosciences) and analyzed with FlowJo v10 software (TreeStar). CD4+ T cells
(CD4+TCRb+*EpCAM-NK1.1-CD8a-CD19-) were downsampled to 1000 cells using

Downsample plugin in FlowJo prior to UMAP. UMAP and X-Shift plugins were
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utilized in FlowdJo for dimensionality reduction and unsupervised clustering, and

X-Shift was visualized by Cluster Explorer.
Immunofluorescence imaging

Coverslips seeded with human ileocecal adenocarcinoma cells (HCT-8) (ATCC)
were infected when 60-80% confluent with 300,000 purified oocysts (bleached,
washed, and resuspended in DMEM medium (Gibco) supplemented with 10%
CCS (Cytiva). At 24 hours, cells were washed with PBS, and successively fixed
with 4% paraformaldehyde (Electron Cytometry Sciences) for 15 minutes and
permeabilized with 0.1% Triton X-100 (Sigma) in PBS for 10 minutes. Coverslips
were blocked with 4% bovine serum albumin (BSA) (Sigma) in PBS. Antibodies
were diluted in 1% BSA in PBS. Rat monoclonal anti-HA (MilliporeSigma) was
used as primary antibody (1:1000) and goat anti-rat polyclonal Alexa Fluor 594
(Thermo Fisher) as secondary. Host and parasite nuclei were stained with
Hoechst 33342 (Thermo Fisher). Slides were imaged using a Leica DM6000B

widefield microscope.

Statistics

Statistical significance was calculated using unpaired t test with Welch’s

correction for comparing groups of 2 or ANOVA followed by multiple
comparisons for comparing groups of 3 or more. Analyses were performed

using GraphPad Prism v9.
Supplemental material

Supplementary Table S1 shows oligonucleotides used for generating transgenic
parasites used in this study. Figure S1 shows the integration PCR for Cp-2W1S
and Cp-gp61 transgenic parasites. Figure S2 shows representative flow

cytometry plots from CD90.1-Ifng reporters (SFig 2A), from peptide-stimulated
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mesLN SMARTA T cells (SFig 2B), and a summary of TNF-a production by
peptide-stimulated SMARTA T cells from the SILP and mesLN. Figure S3 shows
a construct map for generating transgenic maCp-ova-gp61 from maCp and the
integration PCR for this strain in SFig 3A-B. SFig 3C-E relates to the UMAP
experiments shown in Figure 3. Figure S4 shows additional data related to
Figure 4. Figure S5 is related to Figure 5, showing an absence of IL-12p40
expression in cDC2s and modest expression in macrophages. Figure S6 is
related to Figure 6 showing that /rf8+32-/- mice remain deficient during
Cryptosporidium infection. Figure S7 is related to Figure 7 showing intact gut-
homing but impaired maintenance of SMARTA T cells in //712b-- mice, and the
impact of IL-18 and/or IL-12p40 blockade on IL-18Ra expression in SMARTA T

cells.
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Figure Legends

Figure 1. Engineering Cryptosporidium to express MHCII-restricted model
antigens allows for identification of parasite-specific CD4+ T cells. A.
Genetic construct of transgenic Cp-2W1S (right) or Cp-gp61 (left) engineered to
tag the C-terminus of MEDLE2 with 3xHA-2W1S-SIINFEKL or SIINFEKL-
gp61-3xHA tags. The construct also included the neomycin (Neo) selection
marker and the nanoluciferase (nluc) reporter to monitor parasite burden, as well
as cytoplasmic mNeon. B. HCT-8 cells were infected for 24 hours with 300,000
oocysts of mNeon green Cp-2W1S (right) or Cp-gp61 (left) and then stained for
nuclear dye (Hoechst, blue) and HA (red). A white arrow points to the parasite
within the cell. Scale bar: 10 pm. C. Ifng~- mice received 2x104 CD45.1+ SMARTA
T cells and were left uninfected or infected with either 1x104 Cp-2W1S or Cp-
gp61 oocysts and ileal draining mesenteric lymph node (mesLN), small intestinal
lamina propria (SILP), or intraepithelial lymphocytes (IEL) were harvested at 10
dpi for flow cytometry. Representative flow plots show 2W1S:1-Ab+ or CD45.1+
SMARTA T cells in the SILP. Gated on Singlets, Live, CD19-, NK1.1-, CD90.2+,
CD8a- CD4+, CD44-hi, 2W1S:I-Ab+ or CD45.1+. C. Summary bar graphs from
mesLN, SILP, and IEL of mice in (B) showing means of n=3 mice/group from 2

experiments. SMARTA T cells were CD45.1+CD44-hi and 2W1S-tetramer+ were
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2W1S:I-Ab+CD44-hi. Statistical significance was determined in (C) by two-way

ANOVA and multiple comparisons. p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Figure 2. Cryptosporidium-specific CD4* T cells produce IFN-y locally to
protect against infection. A-D. IFN-y-CD90.1 reporter mice were left untreated
or treated with Tmg/mouse of alFN-y 1 day prior to infection and 2, 5, and 8 dpi
with 104 Cp-2W1S. mesLN, SILP, and IEL were harvested at 10 dpi for flow
cytometry. Data shown are from 1 experiment representative of 2 independent
experiments. A. Representative flow plots from the SILP and IEL of CD4+T cells
stained with 2W1S:1-Ab tetramer in PE and APC showing detection of tetramer+
cells when mice are infected and treated with IFN-y. Gating: Singlets, Livet,
CD19-, NK1.1-, EpCAM-, CD90.2+, CD8a-, CD4+. B. Quantification/summary of
(A) and tetramer (PE and APC double positive) staining from mesLN, SILP, and
IEL. C. Representative flow plots showing CD90.1 expression in polyclonal CD4+
T cells (first two columns) or 2W1S:I-Ab tetramer+ cells (last column) in SILP and
IEL of infected mice untreated (first column) or treated with alFN-y (last two
columns). Gating: Singlets, Livet, CD19-, NK1.1-, EpCAM-, CD90.2+, CD8a,
CD4+, 2W1S:1-Ab+. D. Quantification/summary of (C) showing the percent of
cells that were CD90.1+ from the following groups: polyclonal CD4+ T cells from
uninfected mice (white), polyclonal CD4+ T cells from untreated mice infected
with Cp-2W1S (gray), polyclonal CD4+T cells from alFN-y-treated mice infected
with Cp-2W1S (white with diagonal stripes), or 2W1S:I-Ab tetramer+ CD4+T cells
from alFN-y-treated mice infected with Cp-2W1S (white with horizontal stripes).
E-F. WT B6 mice received 2x104 CD90.1/lfng reporter SMARTA T cells 1 day
prior to infection with 5x104 maCp-ova-gp61 and were left untreated or treated

with Tmg/mouse of alFN-y 1 day prior to infection and 2, 5, and 8 dpi. At 10 dpi
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mesLN and SILP were harvested for flow cytometry and cells were stimulated
with exogenous gp61 peptide for 3 hours followed by intracellular cytokine
staining and flow cytometry. Data shown are from 1 experiment representative of
2 independent experiments. E. Left: representative flow plots and from the SILP
showing IFN-y and TNF-a expression in SMARTA T cells after peptide
stimulation. Gating: Singlets, Live+, CD19-, NK1.1-, EpCAM-, CD90.2+, CD8a-,
CD4+, CD45.1+. Right: summary of showing the percentage of SMARTA cells
from the SILP or mesLN staining IFN-y+ after peptide stimulation. F. Left:
representative flow plots from the SILP showing expression of CD90.1 as a
reporter of Ifng expression on SMARTA T cells after peptide stimulation. Gating:
Singlets, Livet, CD19-, NK1.1-, EpCAM-, CD90.2+, CD8a-, CD4+, CD45.1+. Right:
summary showing the percentage of SMARTA T cells from the SILP or mesLN
staining for CD90.1+ after peptide stimulation. G. PBS or 1068 SMARTA T cells
were transferred into Ifng”- mice 1 day prior to infection with 104 Cp-gp61 and
feces was analyzed by nanoluciferase for parasite burden (relative
luminescence) over time. For some mice receiving SMARTA T cells, mice also
received 1mg/mouse of alFN-y blocking antibody 1 day prior to infection and 2,
5, and 8 dpi. Area under the curve analysis was performed for each treatment
for 9-20 dpi. Graphs shown are from 1 experiment, representative of 2
independent experiments. Statistical significance was determined by two-way

ANOVA and multiple comparisons. p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Figure 3. Cryptosporidium-specific CD4+ T cells resemble polyclonal T-bet+
cells in the gut. A. WT B6 mice received 2x104 SMARTA T cells 1 day prior to
infection with 5x104 maCp-ova-gp61 oocysts and mesLN, SILP, and IEL were
harvested at 10 dpi for flow cytometry. A. UMAP of mesLN, SILP, and IEL CD4+

T cells (Singlets, Livet, CD8a-EpCAM-NK1.1-CD19-CD4+TCRp+) based on
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surface expression of the following markers: IL-18Ra, SLAM, CXCR3, T-bet,
RORYT, Foxp3, CD40L, CD44, CD69, CD103, Ly6A/E, and LPAM-1. B. X-shift
cluster analysis of concatenated CD4+ T cells from all tissues revealed 11
clusters. Heatmap of the Z-scores of surface marker expression by X-shift
cluster. C. Overlays of each cluster onto the UMAP from Figure 3A. D. The
percentage of cells in each cluster coming from mesLN, SILP or |IEL. E. The
percentage of total CD4+ T cells represented by each cluster in uninfected or
infected mice. . UMAP from Figure 3A colored by expression levels of each
marker. G. Percentage of SMARTA T cells that fell into each cluster, with the total
across all clusters equalling 100%. H. UMAP showing where SMARTA T cells fell

in the UMAP (black dots).

Figure 4. Progressive Th1 skewing of Cryptosporidium-specific CD4+T cells
WT B6 mice received 2x104 SMARTA T cells 1 day prior to infection with 5x104
maCp-ova-gp61 oocysts and mesLN, SILP, and IEL were harvested at 10 dpi for
flow cytometry. A. Representative flow plots of T-bet vs. RORyT in polyclonal
CD4+ T cells from uninfected mice, polyclonal CD4+ T cells from infected mice,
or SMARTA T cells (CD45.1+) from infected mice organized by tissue (rows).
Gating: Singlets, Livet, CD19-, NK1.1-, EpCAM-, CD90.2+, CD8a-, CD4-,
CD45.1+. B. Percentage of T-bet+, or percentage negative for all lineage-defining
TFs (T-bet, RORyT, Foxp3, GATA3; TF) in polyclonal CD4+ T cells from
uninfected mice (white), polyclonal CD4+ T cells from infected mice (gray), or
SMARTA T cells (horizontal lines). C. Percentage of cells positive for LPAM-1,
CD44, 1L-18Ra, Ly6A/E, or CD103 of polyclonal CD4+ T cells from uninfected
mice, infected mice, or SMARTA T cells colored as in (B). D. Histograms of

protein expression by flow cytometry among SMARTA T cells from the mesLN
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(teal), SILP (orange) or IEL (purple)). Gating: Singlets, Live+, CD8a-EpCAM-
NK1.1-CD19-CD4+TCRB+CD45.1+. For A-B, representative of 2 independent
experiments; for C-D, one independent experiment. n=3 mice/group. Statistical
significance was determined by two-way ANOVA and multiple comparisons.

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Figure 5. IL-12p40 is produced in the gut by activated cDC1s. A-D. WT B6
mice were left uninfected or infected with 5x105 maCp oocysts. At 4 dpi mesLN
and SILP cells were isolated, plated with brefeldin A (BFA) for 6 hours, and
analyzed by flow cytometry for surface markers and IL-12p40 expression.
Plotted are histograms from mesLN or SILP (A), summary in (B); IL-12p40 flow
plots from the mesLN and SILP in (C) summarized in (D) showing selective
induction of IL-12p40 in cDC1s in the SILP of infected mice. Data shown are
from 1 experiment representative of 2 independent experiments, 3-4 mice per
group. Gating: Singlets, Live+, CD3e-, NK1.1-, EpCAM-, B220-, CD19-, CD90.2-,
CD64-, MHCII-hi, CD11c*, CD26+, Ly6C-, XCR1+ (cDC1s) or SIRPa+ (cDC2s).
Gating is based on FMOs taken from SILP for all colors except IL-12p40, for
which positivity is based on samples from each tissue plated without BFA.
Statistical significance was determined by two-way ANOVA and multiple

comparisons. p<0.05, ** p<0.01, ** p<0.001, **** p<0.0001.

Figure 6. cDC1s are required for expansion and gut homing of
Cryptosporidium-specific CD4+T cells. A-E. 1 day prior to infection with 5x104
maCp-ova-gp61 oocysts, 1x106 CD45.1+ Nur77-GFP reporter SMARTA T cells
were labeled with CellTrace Violet (CTV) and transferred into WT B6 mice or age/
sex-matched /rf8+32-/- mice. Mice were sacrificed at 1, 4, and 6 dpi and priming

of SMARTA T cells was interrogated using flow cytometry. A-B. Representative
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flow plots from the mesLN of infected mice at 1, 4, and 6 dpi pre-gated on
SMARTA T cells showing Nur77-GFP expression compared to cell division, with
summary in (B). C-E Representative flow plots from mesLN SMARTAs showing
CellTrace Violet versus CXCRS3 (C) and LPAM-1 (D) with summary in (E). For A-E,
data is from 1 experiment representative of 2 independent experiments. Gating
for SMARTAs in A-E: Singlets, Livet, NK1.1-, CD19-, EpCAM-, CD90.2+, CD8a-,
CD4+, TCR Vp8.3+, CD45.1+. F-l. 1 day prior to infection with 5x104 maCp-ova-
gp61 oocysts, 2x104 CD45.1+ SMARTA T cells were transferred into WT B6 mice
or age/sex-matched /rf8+32- mice. At 10 dpi, mesLN, SILP, and IEL were
isolated and analyzed by flow cytometry. Data are representative of 2
independent experiments, n=3 mice/group. F. Representative flow plots showing
presence or absence of SMARTA T cells in the mesLN (top), SILP (middle), or
IEL (bottom). Plots are from 1 experiment representative of 3 independent
experiments. . Summary of (G). H-l. Percentage of mesLN SMARTA T cells
staining positive for IL-18Ra with representative flow plots in (H) and summary in
(. Gating for SMARTAs in G-I: Singlets, Livet, NK1.1-, CD19-, EpCAM-, CD90.2+,
CD8a-, CD4+, CD44-hi, CD45.1+.

Figure 7. IL-12p40 is not required for gut-homing but is required for gut
CD4+ T cell accumulation and induction of Th1 functions in
Cryptosporidium-specific CD4+ T cells. A-G. 1 day prior to infection with
5x104 maCp-ova-gp61 oocysts, 2x104 CD45.1+ SMARTA T cells were
transferred into WT B6 mice that were treated with isotype control (rat IgG2a) or
anti-IL-12p40 (1mg/mouse on d-1, or 2, 5, 8 dpi). At 10 dpi, mesLN, SILP, and
IEL were isolated and analyzed by flow cytometry. Data shown in A-G is 1

experiment representative of 2 independent experiments, n=3-4 mice/group. A.
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Infection was monitored by nanluciferase of feces. B-C. Percentage of SMARTA
T cells among CD4+T cells and absolute numbers of SMARTA T cells from each
treatment with representative flow plots from the SILP in (C). D-E. Percentage of
SMARTA T cells staining T-bet+, with representative flow plots from the SILP in
(E). F-G. Percentage of SMARTA T cells staining for IL-18Ra, with representative
flow plots from the SILP in (G). H-l. 1 day prior to infection with 104 Cp-gp61,
5x104 CD45.1+ SMARTA T cells that expressed CD90.1 as a reporter for Ifng
expression were transferred into /fng”/- mice that were treated with isotype
control (rat IgG2a), anti-IL-12p40, anti-IL-18, or anti-IL12p40+anti-IL-18 (1mg/
mouse on d-1, or 2, 5, 8 dpi). Mice were also treated with Tmg/mouse anti-IFN-y
on 3 and 7 dpi. At 10 dpi, mesLN, SILP, and IEL were isolated and analyzed by
flow cytometry and cells were stained for CD90.1 to assess in vivo IFN-y
production. Data shown for K is pooled from 2 independent experiments, n=3
mice/group/experiment. Gating for SMARTAs in B-K: Singlets, Live+, NK1.1-,
CD19-, EpCAM-, CD90.2+, CD8a-, CD4+, CD44-hi, CD45.1+. Statistical
significance was determined by two-way ANOVA and multiple comparisons.

p=<0.05, ** p<0.01, *** p<0.001, *** p<0.0001.
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Supplementary Table S1: Oligonucleotides for guide RNAs and primers for

repair template amplification used in this study

Primer Sequence

Primer 1 atttataaaggagtttatcaatttaaatcagttgaatttgatCCT
AGGTACCCGTACGAC

Primer 2 atctggtccttttaatcctaatttttcaaaattaataattgagaatt
cccgtcctccactte

Primer 3 TAACCCGGGATGCATCTTCATTTAG

Primer 4 taatttttcaaaattaataattgaTGCTGAGTCGACAGC
CCAATTCGCGAGTGCTCCCCAAGCCTCGGC
ATAATCTGGAACATCGTAAGG

Primer 5 AAAAAGAAAAAGAGAAGAGGGGGAAAAGAT

GATCTTAGAGGACTATTAAGAGGATTATCCGG
TTCAAGTAAAGACATACTACACGACTTAGAGA
AAATTGGAAGTGGAGGACGGGAATTC

Primer 6 TAATTATCTTGTTAATAACACATTTGAATAGTTTA
TACTTCACATAACCAAATTAAGATAAAAAGAAA
AACTTAATCGATACTATCCTACACG
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Primer 7 gttggaaattccggcttatttagaccagaaatgcttagaccactcgggttt
ccAtctgacatcgttgtgattge
Primer 8 agtgattataatctaaaaaacaaacattaattcgaaaagtcta

cattaggAATTAAGATAAAAAGAAAAAC

Supplementary Figure Legends

Supplementary Figure 1. A. Integration PCR gel. PCR mapping using genomic
DNA from wild-type (WT) and transgenic parasites (Cp-gp61 and Cp-2W1S)
showing diagnostic amplicons of the insertion locus. Primer binding sites and
expected amplicon sizes are indicated in Figure 1A on the genetic maps.
Because there are multiple copies of MEDLEZ? in the C. parvum genome, loss of

the WT cross-locus band in transgenic parasites is not necessarily expected.

Supplementary Figure 2. A. Representative flow plots showing CD90.1
expression in polyclonal CD4+T cells (first two columns) or 2W1S:I-Ab tetramer+
cells (last column) in the mesLN of uninfected mice (first column), infected mice
untreated (second column) or infected mice treated with alFN-y (last two
columns). Gating: Singlets, Livet, CD19-, NK1.1-, EpCAM-, CD90.2+, CD8a-,
CD4+, 2W1S:I-Ab+. B-C. WT B6 mice received 2x104 CD45.1+ SMARTA T cells 1
day prior to infection with 5x104 maCp-ova-gp61 and were left untreated or
treated with 1mg/mouse of alFN-y 1 day prior to infection and 2, 5, and 8 dpi. At
10 dpi mesLN and SILP were harvested for flow cytometry and cells were
stimulated with exogenous gp61 peptide for 3 hours followed by intracellular
cytokine staining and flow cytometry. B. Representative flow plots from the
mesLN. C. Summary showing the percentage of SMARTA cells from the SILP or
mesLN staining TNFa+ after peptide stimulation. Gating: Singlets, Livet, CD19-,
NK1.1-, EpCAM-, CD90.2+, CD8a-, CD4+, CD45.1+. Statistical significance was
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determined by two-way ANOVA and multiple comparisons. p<0.05, ** p<0.01, ***

p<0.001, *** p<0.0001.

Supplementary Figure 3. A. Genetic construct of transgenic maCp-ova-gp61
engineered to alter the pheRS gene L at position 482 to V to confer resistance to

BRD7929. This construct included the full MEDLE2 gene tagged with SIINFEKL-
gp61-3xHA. B. Integration PCR gel. PCR mapping using genomic

DNA from maCp and transgenic parasites (maCp-ova-gp61) showing
diagnostic amplicons of the insertion locus. Primer binding sites and expected
amplicon sizes are indicated in SFig 1A on the genetic maps. C. Percentage of
total CD4+T cells represented by each cluster from UMAP experiments
described in Figure 3. D. Percentage of each cluster represented by CD4+T cells
from uninfected (blue) or infected (red) samples. E. UMAP from Figure 3A

colored by expression levels of each marker listed beneath each panel.

Supplementary Figure 4. A. Numbers of total, T-bet+, or TF- (T-bet-RORyT-
GATAS3-Foxp3-) CD4+T cells in uninfected or infected mice at 10 dpi with 5x104
maCp-ova-gp61. B. Representative flow plots of Foxp3 vs. GATAS in polyclonal
CD4+T cells from uninfected mice, polyclonal CD4+T cells from infected mice,
or SMARTA T cells (CD45.1+) from infected mice organized by tissue (rows).
Gating: Singlets, Livet, CD19-, NK1.1-, EpCAM-, CD90.2+, CD8a-, CD4+,
CD45.1+. C. Percentage of RORyT+ or Foxp3+ in polyclonal CD4+T cells from
uninfected mice (white), polyclonal CD4+T cells from infected mice (gray), or
SMARTAT cells (horizontal lines). D. Percentage of cells positive for SLAM,
CXCRS3, CD69, or CD40L of polyclonal CD4+T cells from uninfected mice

(white), infected mice (gray), or SMARTA T cells (stripes). E. Histograms of
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protein expression by flow cytometry among SMARTA T cells from the mesLN
(teal), SILP (orange) or IEL (purple). Gating: Singlets, Live+, CD8a-EpCAM-NK1.1-
CD19-CD4+TCRB+CD45.1+. F-G. Representative flow cytometry plots of
polyclonal CD4+T cells or SMARTA T cells staining for Tfh markers PD-1,
CXCRS5, and Bcl6 with summary in (G). Gating: Singlets, Livet, CD19-, NK1.1-,
EpCAM-, CD90.2+, CD8a-, CD4+, CD45.1+. For A-C, F-G, representative of 2
independent experiments; for D-E, one independent experiment. n=3 mice/
group. Statistical significance was determined by two-way ANOVA and multiple
comparisons. p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical
significance was determined by two-way ANOVA and multiple comparisons.

p<0.05, ** p<0.01, ** p<0.001, **** p<0.0001.

Supplementary Figure 5. A-D. WT B6 mice were left uninfected or infected with
5x105 maCp oocysts. At 4 dpi mesLN and SILP cells were isolated, plated with
brefeldin A (BFA) for 6 hours, and analyzed by flow cytometry for surface
markers and IL-12p40 expression. A. Total numbers of cDC1s or cDC2s in the
mesLN (top) and SILP (bottom). B. IL-12p40 flow plots from the mesLN and
SILP in cDC2s. Gating for A-B: Singlets, Live+, CD3e-, NK1.1-, EpCAM-, B220-,
CD19-, CD90.2-, CD64-, MHCII-hi, CD11c+, CD26+, Ly6C-, XCR1+ (cDC1s) or
SIRPa+ (cDC2s). C. IL-12p40 flow plots from the mesLN and SILP in
macrophages. D. Summary of (C). Gating for C-D: Singlets, Live+, CD3e-,
NK1.1-, EpCAM-, B220-, CD19-, CD90.2-, CD64+, CD11b+. Gating is based on
FMOs taken from SILP for all colors except IL-12p40, for which positivity is
based on samples from each tissue plated without BFA. Statistical significance
was determined by two-way ANOVA and multiple comparisons. p<0.05, **

p<0.01, ** p<0.001, *** p<0.0001.
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Supplementary Figure 6. A. WT or Irf8+32-- mice were left uninfected or
infected with 5x104 maCp oocysts. At 3 dpi mice were sacrificed and
percentage of cDC1s and cDC2s were quantified to confirm that cDC1s
remained deficient in Irf8+32-/- mice. Gating: Singlets, Live+, CD3e-, NK1.1-,
EpCAM-, B220-, CD19-, CD90.2-, CD64-, MHCII-hi, CD11c*, CD26+, Ly6C-,
XCR1+ (cDC1s) or SIRPa+ (cDC2s). Statistical significance was determined by
two-way ANOVA and multiple comparisons. p<0.05, ** p<0.01, *** p<0.001, ***
p<0.0001.

Supplementary Figure 7. A-B. 1 day prior to infection with 5x104 maCp-ova-
gp61 oocysts, 2x104 CD45.1+ SMARTA T cells were transferred into WT or
1172b-- mice. At 10 dpi, mesLN, SILP, and IEL were isolated and analyzed by
flow cytometry. Percentage of SMARTA T cells among CD4+T cells and absolute
numbers of SMARTA T cells from each genotype with representative flow plots
from the SILP in (B). C. 1 day prior to infection with 104 Cp-gp61, 5x104 CD45.1+
SMARTAT cells that expressed CD90.1 as a reporter for Ifng expression were
transferred into Ifng-/- mice that were treated with isotype control (rat IgG2a),
anti-IL-12p40, anti-IL-18, or anti-IL12p40+anti-IL-18 (1mg/mouse on d-1, or 2,
5, 8 dpi). Mice were also treated with Tmg/mouse anti-IFN-y on 3 and 7 dpi. At
10 dpi, mesLN, SILP, and IEL were isolated and analyzed by flow cytometry.
Shown is percentage of SMARTA T cells staining for IL-18Ra in each treatment
condition. Gating: Singlets, Live+, NK1.1-, CD19-, EpCAM-, CD90.2+, CD8a-,
CD4+, CD44-hi, CD45.1+. Statistical significance was determined by two-way

ANOVA and multiple comparisons. p<0.05, ** p<0.01, ** p<0.001, **** p<0.0001.
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