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Abstract  
 
Pneumocystis is the most common fungal pulmonary infection in children under 5.  In children with 
primary immunodeficiency, Pneumocystis often presents at 3-6 months that coincides with the nadir of 
maternal IgG and where IgM is the dominant immunoglobulin isotype. Since B cells are the dominant 
antigen-presenting cells for Pneumocystis, we hypothesized the presence of fungal specific IgMs in 
human and mice and that these IgM specificities would predict T cell antigens. We detected fungal 
specific IgMs in human and mouse serum and utilized immunoprecipitation to determine if any antigens 
were similar across donors.  We then assessed T cell responses to these antigens. We found anti-
Pneumocystis IgM in wild-type mice as well as Aicda-/- mice and in human cord blood.  
Immunoprecipitation of Pneumocystis murina with human cord blood identified shared antigens among 
these donors. Using class II MHC binding prediction, we designed peptides with these antigens and 
identified robust peptide specific lung T cell responses after P. murina infection. After mice were 
immunized with two of the antigens, adoptive transfer of vaccine elicited CD4+ T cells showed effector 
activity suggesting that these antigens contain protective Pneumocystis epitopes.   These data support 
the notion that germline encoded IgM B-cell receptors are critical in antigen presentation and T cell 
priming in early Pneumocystis infection.   
  



Introduction 

Due to the inability to culture Pneumocystis spp, data on incidence and prevalence of Pneumocystis 

infection is highly skewed towards Western populations and in subjects with severe pneumonia 

requiring hospitalization (1).   However, recent epidemiology suggests that Pneumocystis is the most 

prevalent pulmonary fungal infection in the first year of life (2, 3) and the recent Pneumonia Etiology 

Research for Child Health (PERCH) study showed it was in the top 10 etiologies of childhood 

pneumonia in Mali, Kenya, and Zambia (4).  Pneumocystis pneumonia requiring hospitalization in the 

first year of life in the US is highly associated with primary immunodeficiencies (PID) or 

immunodeficient states due to chemotherapy or high dose steroids (5) (6).  Among primary 

immunodeficiency, we have recently shown that the murine model with P. murina infection can 

recapitulate PCP susceptibility of many primary immunodeficiency (PID) syndromes including severe 

combined immunodeficiency as well as IL-21R mutations (6).   

 

Although dendritic cells play key roles in antigen presentation in the lung, in the context of PCP, B cells 

play critical roles as APCs.  Depletion of B cells with anti-CD20 (7) or deletion of class II MHC 

expression on B-cells (8, 9) (10) abrogates T cell priming and results in the failure of the host to clear 

Pneumocystis in the murine model.  In the setting of PID, children rarely develop PCP earlier than age 

3 months, likely due to protective effects of maternal IgG.  Additionally in the PERCH cohort 

Pneumocystis was often diagnosed in children under the age of 1.5 years (4).    Based on this, we 

hypothesized that germline encoded IgM B cells are likely critical early APCs in infant PCP as this 

would be the dominant B cell repertoire at this age.  If this were true, we should be able to detect anti-

Pneumocystis specific IgMs in naïve mouse serum and human cord blood.  Moreover, fungal proteins 

recognized by IgM should prime T cell responses in vivo.  To test this, we examined IgM specificities in 

naïve mouse serum and human cord blood and identified antigens recognized by human cord blood 

using proteomics.  We went on to demonstrate that two of these antigens prime protective CD4+ T cell 

responses in vivo in a murine model of PCP.  Taken together these data suggest that the IgM repertoire 



can be used to identify CD4+ T cell antigens to Pneumocystis which may aid in diagnosis as well as 

more objectively assessing need for prophylaxis.   

 
  



Results 
 
Baseline anti-Pneumocystis IgM titers in C57Bl/6 mice 
 

Previous work has shown that conserved natural IgM antibodies with carbohydrate specificities can 

mediate innate and adaptive immunity against Pneumocystis (11, 12).  Given that Pneumocystis 

clearance is mediated by class II restricted CD4+ T cells, we hypothesized that IgM with protein 

specificities may predict subsequent class II dependent antigens.   ELISA analysis of serum IgM in 

specific pathogen free C57Bl/6 mice showed significant titers (OD > 0.1) of anti-Pneumocystis antigen 

(PC Antigen) (Figure 1A). Based on our hypothesis, we predicted that similar results would be observed 

in mice deficient in cytosine deaminase (Aicda-/- mice), the enzyme that mediates class switch 

recombination and somatic hypermutation.  We detected significant anti-Pneumocystis IgM in Aicda-/- 

mice but not in Rag2-/- mice (Figure 1B), which also demonstrated the low background of the assay.  

 
Baseline anti-Pneumocystis IgM titers in human cord blood 
 
We next characterized anti-Pneumocystis IgMs in human cord blood in nine human cord blood donors.  

We detected significant IgM in all of the healthy cord blood donors both by ELISA (Figure 2A) as well as 

in a subgroup of donors (based on sample availability) by western blotting (Figure 2B, original blots are 

depicted in Figure S1).   Due to the multiple banding patterns by western blotting, we next use three 

human cord blood donors to perform immunoglobulin pull downs and performed Pneumocystis 

proteomics as previously described (13).   All three donors immunoprecipitated PNEG_02182, a 

mitochondrial nuclease and 2 of 3 donors immunoprecipitated the peptidases PNEG_01105, 

PNEG_01848, and a putative cell adhesion proteins PNEG_01454.  We prioritized surface fungal 

proteins for further study given that they are likely important targets of protective epitopes.  Based on 

this we prioritized PNEG_01454 as well as Meu10, a glycosylphosphatidylinositol (GPI) anchored 

protein thought to be involved in ascospore assembly we had identified previously (13).  We produced 

these proteins in CHO cells and used these recombinant proteins for ELISA assays using the other 

cord blood donor samples as validation.   We found significant IgM titers in independent cord blood 

samples (not used for immunoprecipitation) against both Meu10 and PNEG_01454 (Figure 2D).      



 

 
Adaptive Immunity to PC antigens 
 
We next determined if PC infected mice made adaptive IgG responses to these antigens.   We infected 

C57Bl/6 mice or Aicda-/- with P. murina and then assessed IgG responses to both Meu10 and 

PNEG_01454.  Wild-type mice generated significant anti-Meu10 and PNEG_01454 IgG that was 

associated with fungal clearance (Figure 3).  In contrast, we observed no anti-fungal IgG in Aicda-/- or 

naïve mice (Figure 3).   

Next, we queried T cell immunity to these antigens.  For this, we performed whole antigen stimulation to 

designed putative class II MHC presented peptides for two of the antigens immunoprecipitated by 

human cord blood, PNEG_01454 and PNEG_02812.  Pneumocystis induces a mixed T cell response 

so for this study we performed IFNγ (type I) and IL-5 (type 2) Elispot responses at 2 weeks post 

inoculation, a time of peak T cell priming in the lung during infection.  We designed three peptides for 

PNEG_01454 (P1-P3) and three for PNEG_02812 (P4-P6) (see supplemental Figure S2 and S3).   We 

detected significant IFNγ and IL-5 Elispot responses to these peptides in PC infected C57BL/6 mice 

(Figure 4A).   In contrast, cells from naïve uninfected lung had 0-1 spots in these assays (Figure 4A).  

These IFNγ and IL-5 responses were largely preserved in Aicda-/- mice (Figure 4B).  Note that the 

medium controls have signal in these assays because at the two week time point, there is significant 

PC antigen present in the lungs (14).   We next assessed type I memory responses at 6 weeks post-

infection where PC infection is resolved in wild-type mice.  Again, we observed significant type I 

responses to P1-P6 in both WT mice and Aicda-/- mice denoting that T cell priming is preserved in 

Aicda-/- mice (Figure 4C).  Notably, these responses were substantially reduced in CD4+ STAT3 

deficient mice demonstrating that these responses require STAT3 signaling T cells.   

To determine if these antigen enriched CD4+ T cells had effector activity, we immunized mice with 

Meu10 (Figure 5A) or PNEG_01454 with the strong mucosal adjuvant LTA1 which induces robust 

antigen specific Th1/Th17 responses (15).  Vaccine elicited cells were harvested from the lung and 

adoptively transferred into recipient Rag2-/- mice to allow homeostatic proliferation for two weeks 



followed by PC inoculation, as previously described (6).   Fungal burdens were then assessed four 

weeks later.   Animals containing cells elicited by Meu10+LTA1 showed significantly reduced fungal 

burdens compared to those containing naive splenic CD4+ T-cells or cells induced by LTA1 alone 

(Figure 5A).  We next evaluated PNEG-01454.  Again, CD4+ T cells from mice vaccinated with 

PNEG_01454 reduced fungal burden (Figure 5B) and nearly approached the effector activity of cells 

from mice immunized with whole PC antigen, whereas OTII cells with irrelevant antigen specificity had 

no anti-fungal activity (Figure 5B).   

 

  



Discussion 

This study was based on prior studies showing B cells and Pneumocystis specific B cell receptors are 

critical in priming pulmonary CD4+ T cell responses to this fungus (7-10).  Although dendritic cells are 

thought to be critical in antigen presentation in the lung, B cells seem to be more critical for 

Pneumocystis infection.    This may be due to the size of the ascus as B cells have also been shown to 

be critical for antigen presentation of larger antigens such as viral like particles (16).  Given the early 

age of Pneumocystis infection in infants (2, 3), we hypothesized that IgM encoding B cell receptors 

appear critical in generating these early T cell responses.  We have previously shown that IgM deficient 

mice have delayed T cell priming when infected with P. murina (12).   

To this end, anti-Pneumocystis IgM was readily detected in human cord blood as well as in naïve 

mouse serum.  Interestingly, three of the human cord blood donors pulled down the same antigen in 

immunoprecipitation experiments. Using Ig based proteomics, we were able to identify CD4+ T cell 

epitopes to Pneumocystis. Two of these antigens expressed well in CHO cells and immunization with a 

strong CD4+ T cell adjuvant (15) elicited CD4+ T cells that showed effector activity in adoptive transfer 

experiments.   Thus, human IgM may be very helpful in identifying CD4+ T fungal antigens that may aid 

in vaccination but also in diagnosis and determining if a patients have Pneumocystis specific CD4+ T 

cells.  This latter information may be useful in guiding PCP prophylaxis.  For example, and assay to 

detect Pneumocystis specific T cells may be helpful in who is at greatest risk of PCP.  Future studies 

will be required to determine if the antigens identified here are also able to elicit human CD4+ T cell 

responses.   

  



 
Methods 

 

ELISAs 

Serum was obtained from wild-type C57Bl/6, Aicda-/-, or Rag2-/- mice and assayed for whole anti-PC 

IgM by ELISA using PC antigen. Blood was collected at the time of sacrifice by syringe from vena cave. 

Coagulated blood was then centrifuged for 10 minutes at 10,000 x g. The serum supernatant was 

collected and stored at -80°C. Maxisorb plates were coated with 2µg of Pneumocystis murina antigen in 

100 µl of 1X sterile phosphate buffered saline (PBS) per well overnight at 4°C. Plates were blocked with 

PBS with 1% Tween 20 and 10% BSA (Invitrogen, 88-50470). Plates were then stained with sample 

serum dilutions, covered and incubated for 2 hours on a microplate shaker set at 400 rpm. Samples 

were aspirated and washed four times.  Pre-titrated HRP, conjugated anti-mouse Ig(H+L) polyclonal 

antibody (Invitrogen, 88-50470(kit provided)) was added to all wells, covered and incubated for 1 hour 

on a microplate shaker set at 400 rpm.  Samples were aspirated and washed four times. 100 µL of 

Tetramethylbenzidine(TMB) substrate solution (Invitrogen, 88-50470) was added to each well and 

incubated at room temperature for 15 to 30 minutes depending on control serum.  The reaction was 

stopped with an equal volume of 2N H2SO4. The optical density at 450 (OD450) was read using a 

BioTek Synergy HT microplate reader.  

For human cord blood donors, we screened cord blood donors (StemCell Technologies, Vancouver, 

BC) using a similar ELISA method. We measured total IgM as follows.  Total human IgM was measured 

using a IgM Human ELISA Kit with Plates (Thermofisher Invitrogen, Cat No. 88-50620) following 

manufacturer’s protocol. Serum dilutions used for this ELISA were 1:100 and 1:1000 in PBS with 1% 

Tween-20 and 10% BSA. For PC specific IgM, Maxisorb plates were coated with 2 µg of Pneumocystis 

murina antigen in 100 µl of 1X sterile phosphate buffered saline (PBS) per well overnight at 4°C. Plates 

were aspirated and washed twice. Plates were blocked with 200 µl of 2X PBS with 1% Tween 20 and 

10% BSA (Invitrogen, 88-50470). Plates were aspirated and washed twice. Plates were then stained 

with sample serum dilutions, covered and incubated for 2 hours at room temperature on a microplate 



shaker set at 400 rpm. Plates were aspirated and washed four times. Goat anti-Human IgM 

(Southerbiotech, Cat No. 2020-05) was diluted 1:4000 in 1X PBS with 1% Tween-20 and 10% BSA, 

and 100 µl was added to all wells, covered and incubated for 1 hour at room temperature on a 

microplate shaker set at 400 rpm. Plates were aspirated and washed four times. 100 µL of 

Tetramethylbenzidine (TMB) substrate solution (Invitrogen, 88-50470) was added to each well and 

incubated at room temperature for 15 to 30 minutes depending on control serum.  The reaction was 

stopped with an equal volume of 2N H2SO4. The optical density at 450 (OD450) was read using a 

BioTek Synergy HT microplate reader.  

Proteomics 

Three human cord blood donors (0126, 0226, and 0091) were used for immunoprecipitation 

experiments.  Pneumocystis protein antigens were isolated by using Pierce MS-compatible Magnetic IP 

Kit [Protein A/G] (Thermo Scientific Ref. 90409) according to the manufacturer’s instruction. Briefly, 1 

mg of raw Pneumocystis material was prepared from Pneumocystis infected Rag2-/- /IL2rg-/- mouse 

lungs (13) and Pneumocystis was incubated with 0.5 ml human cord blood plasma overnight at 4 oC. 

The immune complexes were incubated with MS-magnetic beads at room temperature for 1 hour with 

mixing. Then, the beads were collected, washed and treated with IP-MS Elution buffer. The elution 

containing the target antigens was further processed for MS analysis at Proteomics Core Facility in 

Louisiana State University Health Sciences Center at New Orleans.  

 

Peptide predictions and recombinant proteins 

Three peptides from the Pneumocystis jirovecii (strain RU7) acetylcholinesterase-domain containing 

protein (A0A0W4ZWB9, PNEG_01454/T551_00157) and three peptides from the P. jirovecii 

mitochondrial endonuclease (A0A0W4ZRF7, PNEG_02812/T551_01500) were predicted to contain 

CD4+ T-cell epitopes on the basis of highest combined scores of I-Ab bindings from NETMHCII, ver. 2.3 

(17) and of Antigen Processing Likelihood (APL) from an in-house calculation (18). For the APL 

calculation, homology models were prepared using Swiss-Model (19) with PDB entries 6h14 and 6iid, 

respectively, as structure templates.  Parameters for the APL calculation and the relative weight of I-Ab 



binding (60%) were obtained by optimization with a benchmark set of CD4+ T-cell-epitope maps 

reported for 12 antigens of known structure, representing 62 epitopes in C57BL/6 mice (Charles et al. in 

preparation).  Profiles of epitope prediction are presented in Figure S2. Peptide Sequences are 

included in Figure S3.  We produced recombinant Meu10 and PNEG_01454 in CHO cells (Curia, 

formerly LakePharma) however, we were unable to express recombinant PNEG_02812. 

In vivo T cell responses 

Pneumocystis was propagated in Rag2/Il2rg-/- mice (Taconci Biosciences) as previously described (6). 

To assess T-cell responses, 6-10 week old female C57Bl/6 or Aicda-/- mice (both from the Jackson 

Laboratory) were infected with Pneumocystis as previously described (6, 20) and euthanized at week 2 

or week 6 for lung IFNγ Elispsot assay (13) for Th1 response or measurement of IL-5 in supernatant for 

type 2 responses  using a LegendPlex (BioLegend, San Diego, CA) assay.   For the six week study we 

included CD4-cre Stat3fl/fl mice as a negative control as these mice fail to prime T cell responses to 

Pneumocystis (6).   

 

Immunization, cell purification, adoptive transfer and Pneumocystis infection 

To generate Pneumocystis antigen specific CD4+  T cells, female C57BL/6 mice were intratracheally 

immunized with 10μg Meu10 plus 10μg LTA1, 10μg PNEG_01454 plus 10μg LTA1 or 10μg LTA1 only, 

and boosted once 3 weeks later. We chose LTA1 as it induces strong lung Th1 and Th17 cells (15).  

One week after boosting, the lungs were harvested and single cell suspensions prepared. Lung CD4+ T 

cells were purified by using EasySep MouseCD4+T Cell Isolation Kit (StemCell Technologies, #19852). 

Control naïve CD4+ T cells or OTII x Rag2-/- CD4+ T cells were purified from spleens. 2 x 10
5
 purified 

CD4+ T cells were adoptively transferred into Rag2 mice via retro-orbital injection and allowed to 

homeostatically proliferate as previously described (6).  Two weeks after receiving CD4+ T cells, Rag2-

/- mice were infected with P. Murina (2×105 cysts) via oral pharyngeal administration. Mice were 

euthanized four weeks later to assess fungal burden as previously described (6).    

 



 

 

Statistics 

All statistical analyses were performed in GraphPad Prism, version 9.2.0. Difference in antibody titers 

were analyzed using area under the curve analyses or comparison of the 1:32 OD by Mann-Whitney 

test.   Elispot responses and fungal burdens were analyzed by one-way or two-way ANOVA followed by 

followed by Tukey’s or Dunn’s multiple comparisons test. 

Study approval 

All animal experiments were approved by the Tulane IACUC under protocol ID 968.  Human cord blood 

was purchased as de-identified samples and thus was IRB exempt.    
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Figure 1. IgM responses to whole Pneumocystis antigen in Pneumocystis naïve mice. 
(A) Anti-Pneumocystis IgM titers in wild-type C57BL/6 mice. (B) Anti-Pneumocystis IgM titers 
in Aicda-/- or Rag2-/- mice. In this assay an OD of >0.1 was considered positive. * denotes 
significant differences between Aicda-/- samples and Rag2-/- mice (by Mann-Whitney test). 

  





 

 

 

Figure 2. IgM responses to Pneumocystis antigens in human cord blood. (A) Anti-
Pneumocystis IgM titers in human cord blood to whole Pneumocystis antigen.  (B). Western 
Blot analysis of human cord blood IgM to whole Pneumocystis Antigen. (C). Venn diagram 
analysis of Pneumocystis proteins immunoprecipitated by human cord blood IgM. (D) 
PNEG_02812 was identified in all three donors. Human Cord Blood IgM specificity to 
Pneumocystis Specific Antigens PNEG_01454 and Meu10 (PNEG_01435). 
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Figure 3. Pneumocystis specific IgG responses six weeks post PC infection mice. (A) 
Pneumocystis murina Meu10/ PNEG_01435 specific IgG titers (n=3 per group).  Responses 
were only observed in PC infected wild type mice and not in naïve C57Bl/6 mice or Aicda-/- 
mice. (B) Pneumocystis murina PNEG_01454 specific IgG titers (n=3 per group). Two-way 
ANOVA analysis showed that IgG titers for each Pneumocystis specific antigen were 
significant in C57Bl/6 mice. *, P < 0.05. 

  





 

 

Figure 4. Pneumocystis specific T cell responses post PC infection mice. C57BL/6 (A) or 
Aicda-/- mice (B) were infected with 100 μl of P. murina inoculum (2 X 105 cysts) via oral pharyngeal 
administration. 2 weeks later, mouse lung single cells were prepared for IFNγ and IL-5 Elispot or 
LegendPlex assays (n=4 per group). Uninfected naïve lungs had a background of 0-1 spots in 
all stimulation conditions so one representative naïve lung sample is depicted as background in 
the assay.  PC antigen and P1-P6 were significantly greater than naive lung controls (p <0.05 
by ANOVA or Mann-Whitney test).   (C) Six week data in C57BL/6 Aicda-/- or CD4+ cre Stat3 fl/fl 
mice (both C57Bl/6 and Aicda-/- mice had significantly higher type I responses compare to CD4+ cre 
Stat3 fl/fl mice, p < 0.05 ANOVA).  

  





 

 

Figure 5. Effector activity of antigen enriched CD4+ T cells. (A) C57BL/6 mice were immunized with 
10μg Meu10 + 10μg LTA1, 10μg LTA1 only or vehicle (naïve) by oral-pharyngeal aspiration and boosted 
once 3 weeks later. One week after boosting, 2x105 purified CD4+ T cells were transferred into Rag2-/- 
mice intravenously. 2 weeks after cell adoptive transfer, all mice were infected with approximately 2 X 105 
asci of P. murina inoculum by oral-pharyngeal aspiration. 4 weeks later, right lung middle lobes were 
taken for RNA isolation and fungal burden assessment by RT-qPCR.  Dunnett’s multiple comparison test 
shows that Rag2-/- mice  that received CD4+ T cells from Meu10-primed C57BL/6 mice had significantly 
lower fungal burden in the lungs than all other groups. (B) The experiments described in A were repeated 
with whole PC Ag or PNEG_01454.  CD4+ T cells from OTII-Rag2-/- mice were used as an irrelevant 
antigen control.  *, P < 0.05, ***, P < 0.001 



Supplement Figures 
 
Figure S1.  Original Western Blots.   
 

 

 

 

 

 

 

 

  

huCB1 Cat# 70020.2 Lot# 1903110126
huCB2 Cat# 70020.2 Lot# 1903190226
huCB3 Cat# 70020.1 Lot# 1810100091

Human CB Plasma
STEMCELL Technologies

huCB1 Naïve   PC Ag
huCB2 Naïve   PC Ag huCB3 Naïve   PC Ag

Naïve Rag2-/-Il2rg-/- lung preparation and PC antigen were run on the 10% SDS-PAGE gel 
and transferred to PVDF membrane.  Membranes were cut  and incubated with human CB 
plasma samples as outlined: donors 0126, 0226, 0091. The membrane was then probed with 
goat anti-human IgM-AP (Invitrogen A18838) and subtract.  This process was repeated with 
the additional donors 4011, 5030, 0018, and 9020 below.  In this blot PC antigen is the lane 
immediately to the right of the marker.   



 

 

Figure S2. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure S2.  CD4+ T-cell epitope prediction using a combination of Antigen Processing Likelihood and 
class II MHC (I-Ab) binding.  Conformational stability and residue-level processing likelihood for 
Pneumocystis jirovecii (strain RU7) acetylcholinesterase-domain containing protein, 
PNEG_01454/T551_00157 (A) and mitochondrial nuclease, PNEG_02812/T551_01500 (B) were 
calculated as described in PMID: 29315598.  Peptide-level processing likelihood, MHCII binding, and 
combined profiles (C,D) illustrate the average values for the overlapping series of 15-mer peptides in 
5-residue steps.  Vertical lines indicate the top-three peptides in combined epitope-prediction score. 
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Figure S3. 
 

 
 

Peptide Sequence within AA identity jiroveci/murina
P1 FLFLGIPYAEPPVGK Cell adhesion protein PNEG_01454/T551_00157 12 of 14
P2 AKELFQGAVSASDPI Cell adhesion protein PNEG_01454/T551_00157 9 of 12
P3 GGIFTSFQTSSITAA Cell adhesion protein PNEG_01454/T551_00157 8 of 10
P4 LYQYSNPRPISDCLV Mitochondrial Nuclease PNEG_02812/T551_01500 Mitochondrial Nuclease PNEG_02812
P5 YDRGHLAPAANAKFS Mitochondrial Nuclease PNEG_02812/T551_01500 10 of 15 
P6 WRVSYEMIGSPPNVA Mitochondrial Nuclease PNEG_02812/T551_01500 13 of 15 

 
Peptides were manufactured by Alan Scientific Inc.
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