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CD4 expression identifies a subset of mature T cells primarily assisting the germinal center reaction and contributing to CD8+ 
T-cell and B-cell activation, functions, and longevity. Herein, we present a family in which a novel variant disrupting the translation-
initiation codon of the CD4 gene resulted in complete loss of membrane and plasma soluble CD4 in peripheral blood, lymph node, 
bone marrow, skin, and ileum of a homozygous proband. This inherited CD4 knockout disease illustrates the clinical and immuno-
logical features of a complete deficiency of any functional component of CD4 and its similarities and differences with other clinical 
models of primary or acquired loss of CD4+ T cells.
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Adaptive immunological responses depend on the function 
of T cells and B cells expressing unique surface antigen-
recognition receptors generated by somatic DNA rearrange-
ments. In T cells, these clonal receptors (TCRs), along with 
the non–clonally distributed CD8 and CD4 co-receptors, 
determine which lymphocyte precursors will be positively 
or negatively selected based on the affinity for major his-
tocompatibility complex (MHC) class  I– or class  II–bound 
peptides. Such dichotomous interactions define the selection 
of each TCRαβ + precursor and their distinct immunolog-
ical functions: While MHC-II binding of CD4 extracellular 
domains defines the development of helper T cells, CD8 ex-
pression identifies cytotoxic T cells. In the periphery, similar 
mechanisms drive clonotypic expansion in response to indi-
vidual antigen recognition through the interaction of CD4 or 
CD8 cytoplasmic tail with the signaling components of the 
TCR-CD3 complex. Shedding of extracellular CD4 domains 
by metalloproteinases as soluble CD4 may provide additional 

adaptive and innate regulatory functions [1] in viral infec-
tions and inflammatory or autoimmune disorders [2].

Although CD4 knockout mice [3, 4], as well as primary or 
acquired immunodeficient syndromes such as MHC-II defi-
ciency [5] and human immunodeficiency virus (HIV)/AIDS 
[6], respectively, have provided insights into the consequences 
of CD4+ T-cell depletion in humans, the intertwined role of 
other viral and immunological factors prevents a more specific 
characterization of the function of CD4 co-receptor and the 
consequences of its absence in such clinical models. Similarly, 
a homozygous splicing variant abrogating the expression of the 
2 carboxyl-terminal exons [7] of CD4 revealed some immuno-
logical correlates of the preserved expression of all extracellular 
and soluble CD4 domains in absence of its intracellular tail.

Herein, we present the first human case of a homozygous dis-
ruption of the CD4 translation-initiation codon, resulting in a 
complete multilineage loss of expression of any functional or 
structural component of CD4 and resulting in a novel primary 
immunodeficiency with distinct clinical and immunological 
consequences.

MATERIALS AND METHODS

Study Approval

All participants provided written informed consent and 
were enrolled in National Institute of Allergy and Infectious 
Diseases clinical protocols approved by the National Institutes 
of Health (NIH) institutional review board (ClinicalTrials.gov 
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identifiers NCT00867269, NCT00001281, NCT00039689, and 
NCT00001316).

T Cells, Monocytes, B Cells, and Natural Killer Phenotypic Analyses

Surface and intracellular CD4 expression was evaluated using 
4 different clones of fluorochrome-conjugated monoclonal 
antibodies: SK3-BUV737 (BD Biosciences), RPA-T4-BV605 
(BD Biosciences), RPA-T4-BV605-FITC (BioLegend), MEM-
241-APC-Cy7 (Sysmex), and 13B8.2-PC5 (Beckman Coulter). 
Additional fluorochrome-conjugated monoclonal antibodies 
used for T cells, monocytes, and natural killer (NK) phenotypic 
analysis are specified in the Supplementary Materials.

51Cr NK Cytotoxicity Assay

PBMCs were co-cultured with K562 target cells previously 
incubated with 100  µCi 51Cr for 4 hours in the presence or 
absence of 1000 U/mL interleukin 2 (IL-2) (Roche). The per-
centage of specific lysis was calculated as (sample – average 
spontaneous release) / (average total release – average sponta-
neous release) × 100.

Cytokine Production After In Vitro Stimulation

T cells’ intracellular cytokine production was investigated by 
flow cytometry upon stimulation with 2  µg/mL cytomegalo-
virus (CMV)–pp65 peptide-pool, or 25  µL/mL CMV grade 2 
lysate (Microbix Biosystems) and costimulatory antibodies 
(αCD28, αCD49d, BD Biosciences). The description of the 
methodology used for detection of intracellular cytokines is 
specified in the Supplementary Materials.

Interleukin 7/STAT5 Signaling Pathway

Peripheral blood mononuclear cells (PBMCs) were either un-
treated or stimulated with 10 ng/mL interleukin 7 (IL-7) (Cell 
Signaling Technology) for 20 minutes at 37°C. Antibodies to 
stain surface antigens (anti-CD3-BUV395, anti-CD4-BUV737, 
and anti-CD8-APC) were added and cells were fixed and per-
meabilized with BD Phosflow Perm Buffer III before adding 
anti-pSTAT5 antibody (clone pY694, BD).

HIV-1-R5SF162 Infection of T Cells

T-cell subsets or unfractionated PBMCs were stimulated and 
then magneto-infected with HIVSF162 as reported previously 
[8]. HIV-1 infection was quantified by flow cytometry as fre-
quencies of HIV-1-Gag p24+-CD3+ with anti-CD8-PerCP, anti-
CD4-APC, anti-CD3-V450 (BD-Biosciences), and anti-p24/
Kc57-RD1 (Kc57, Beckman Coulter).

Analysis of CD4 Messenger RNA and DNA Sequences

Total RNA was purified from PBMCs using TRIzol (Thermo 
Fisher Scientific) and reverse-transcribed into complemen-
tary DNA (cDNA) using SuperScript-III-First-Strand Synthesis 
(Thermo Fisher Scientific). Full-length CD4 cDNA was amp-
lified using 5′CTCTCTTCATTTAAGCACGACTCTGCA
GAA-3′ and 5′GTAAGTTTATTGTATTTTTATTTCAG-3′ 

as forward and reverse primers, respectively. Purified PCR 
product was sequenced with primers covering the full-length 
cDNA sequence as specified in the Supplementary Materials.

MHC-II Tetramer Staining

NIH Tetramer Core Facility provided DRB1*07:01-restricted 
Phycoerythrin and BV421-conjugated human cytomegalovirus 
(HCMV)–gB217–227|DYSNTHSTRYV (DYS); HCMV-pp65177–191| 
EPDVYYTSAFVFPTK (EPD); and Human-CLIP87–101| 
PVSKMRMATPLLMQA tetramers. One hundred microliters 
prediluted tetramer was added to PBMCs (final concentration 
6.67 µg/mL) and analyzed by flow cytometry.

Immunohistochemistry

All biopsies were formalin-fixed, paraffin-embedded, and 
stained with hematoxylin-eosin. Immunohistochemical stains 
were performed using an automated immunostainer (Ultra, 
Roche) according to the manufacturer’s instructions with anti-
bodies including CD20 (clone L26,, Roche), CD3 (clone 2GV6, 
Roche), CD4 (clone SP35, Roche, CD4 intracellular domain) 
CD8 (clone SP57, Roche), BCL6 (clone EP278, Cell Marque), 
CD21 (clone EP3093, Roche), CD279 (clone NAT105, Roche), 
and IgD (Dako) and were detected using Ultra-View kit (Roche) 
either with DAB or FAST-Red as chromogen.

Soluble CD4 Plasma Levels

Soluble CD4 plasma levels were measured from using a com-
mercially available enzyme-linked immunoabsorbent assay 
(ELH-CD4-1, RayBiotech, Norcross, Georgia) according to the 
manufacturer’s instructions.

Statistical Considerations

Experimental data obtained from independent samples from 
each donor constituted the results of 1 experiment. Measures of 
central tendency (mean or median) and dispersion were calcu-
lated and presented as specified.

RESULTS

A 22-year-old white woman with a history of recurrent upper 
respiratory infections, otitis media, and multiple recalcitrant 
skin warts on trunk and extremities developed a multifocal 
pneumonia in September 2019 after 3 days of cough, chest pain, 
and wheezing (Figure 1A, Supplementary Table 1). Her symp-
toms, initially managed with bronchodilators and inhaled cor-
ticosteroids, rapidly progressed with development of hypoxic 
respiratory failure requiring mechanical ventilatory support. 
A  nasopharyngeal molecular assay tested positive for rhino-
virus and enterovirus, while additional microbiological evalu-
ation on bronchoalveolar lavage was unrevealing. Lymphocyte 
subset analysis demonstrated a complete absence of CD4+ T 
cells, despite normal absolute numbers of CD3+ T cells (1315 
cells/μL, 57% of lymphocytes) and CD8+ T cells (1011 cells/μL, 
77% of CD3+ T cells), along with negative testing for HIV-1 
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antibodies/antigen and HIV-1 RNA. Complete clinical re-
covery was eventually achieved, but the expression of CD4 
on T cells and monocytes remained undetectable by flow 
cytometry during hospital admission, at approximately 8 weeks 
and 4 months after the acute illness, as shown by both extracel-
lular or intracellular staining with 4 antibodies targeting dif-
ferent epitopes within the extracellular domains of CD4 (Figure 
1B and 1C, Supplementary Figure 1). Moreover, the proband 
T cells were not susceptible to HIV-1 R5SF162 infection ex vivo 
compared to a healthy control, further corroborating the lack 
of CD4 expression (Figure 1D).

This loss of CD4 expression was further confirmed by 
immunohistochemical evaluation of CD4 expression on an in-
guinal lymph node excisional biopsy: No CD4 expression was 
noted despite a preserved general architecture and normal 

distribution of CD20+ B cells and CD3+CD8+ T cells in the fol-
licular and parafollicular areas, respectively (Figure 2A).

A similar immunohistochemical analysis extended to a ter-
minal ileum/cecum biopsy, a large tibial human papillomavirus 
(HPV)–related verrucous plaque, and a bone marrow biopsy 
confirmed the complete absence of CD4 expression in different 
tissues and cell types (Figure 2, Supplementary Figure 2).

Such longstanding, complete, and multilineage loss of CD4 
expression raised concern for an underlying primary immu-
nodeficiency associated with either impaired development or 
selective depletion of CD4-expressing lymphoid and myeloid 
cells. Sequencing of full-length CD4 cDNA extracted from the 
proband’s PBMCs identified a homozygous missense variant in 
the translation-initiation codon, subsequently confirmed upon 
sequencing of the proband’s genomic CD4 DNA (c.1A > G, 
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Figure 1.  A, Multifocal pneumonia with acute bilateral dense airspace consolidations (colored arrows) on chest radiograph (left panel) and noncontiguous chest computed 
tomographic images (right panel). B, CD4+ and CD8+ T cells in healthy controls (upper panels) and in the proband (lower panels) using fluorescent-conjugated antibodies 
targeting 2 different epitopes on the extracellular domain D1 (RPA-T4) and D3 (SK3) of CD4. C, CD14- and CD16-expressing monocytes in a healthy control (left upper panel) 
and in the proband (left lower panel). Distribution of fluorescence intensity of CD4 staining in permeabilized monocytes from a healthy control (cyan histogram), proband (red 
histogram), and isotype control (gray histogram). D, Gating on CD3+ lymphocytes, surface CD4, and intracellular HIV-1 p24 expression in positively selected CD4+ T cells of 
a healthy control and unfractionated T cells of the proband upon anti-CD3/CD28 stimulation and HIV-1SF162 infection (healthy controls, upper panels; proband, lower panels). 
The left panels represent mock infection while the right panels represent HIV-1SF162 infection (healthy controls, upper panels; proband, lower panels). Abbreviations: FMO, 
fluorescence minus one; HC, healthy controls; HIV-1, human immunodeficiency virus type 1; Pt, proband.
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CD4:p.0, NM_000616), while the mother, father, and brother of 
the proband were heterozygous for the same variant (Figure 3A 
and 3B). This variant disrupts the CD4 start-codon preventing 
RNA translation and abrogating the expression of the entire 
CD4 protein including plasma-soluble CD4 (Supplementary 
Figure 3). The variant has a combined annotation-dependent 
deletion score of 22.7 (much higher than the mutation signifi-
cance cutoff, which for CD4 is 3.313) and an allele frequency in 
gnomAD of 3.6 × 10−5 (n = 9, all heterozygous European non-
Finnish) [9], underscoring both its predicted pathogenicity and 
rarity (Supplementary Figure 4).

The immunological consequences of complete multilineage 
loss of CD4 were further investigated: The proband’s T cells 
were characterized by a relative expansion of CD4–CD8–

TCRαβ + cells (double negatives [DNs]) compared to healthy 
subjects (50.8% vs 5.91%; Figure 1B), with preserved pro-
portion of TCRγδ + and mucosal associated–invariant T cells 
(Supplementary Figure 5). Importantly, subsets of the proband’s 
DN T cells retained many phenotypic and functional character-
istics of CD4+ T cells, including a distribution of naive/memory 
subsets that mirrored that of CD4+ T cells, expression of reg-
ulatory T-cell markers (FOXP3, CD25), expression of CD40 

ligand upon activation, expression of interleukin 17 (IL-17) 
upon stimulation, IL-7 receptor α-chain expression (CD127), 
and brisk intracellular signaling in response to IL-7 stimulation 
similar to CD4+ T cells (Supplementary Figures 6 and 7). These 
findings suggest that DN T cells may perform certain special-
ized CD4+ T-cell functions, consistent with previous reports 
in knockout mice models [3, 4], in nonhuman primates [10], 
and in a case of aberrant CD4 expression from a splicing var-
iant [7]. In addition, we found that the proband’s CD8+ T cells 
and/or DN T cells included MHC-II–restricted CMV-specific 
T cells (Figure 3C, Supplementary Figure 8), highlighting the 
importance of ontogenic adaptation of T-cell development and 
functions in the context of inherited CD4 deficiency compared 
to acquired CD4+ T-cell loss. The evidence of such compensa-
tory MHC-II restriction in the proband DN T cells was fur-
ther corroborated by the proliferation upon co-culture with 
allogenic monocytes in a 1-way mixed lymphocyte reaction 
and the suppression of such proliferation by incubation with 
an MHC-II blocking antibody (Supplementary Figure 9). The 
plasticity of T-cell development, however, did not appear to ef-
fectively compensate for all types of B-cell helper functions of 
CD4+ T cells in the proband [11]. In particular, the histological 
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Figure 2.  A, Excisional inguinal lymph node biopsy: hematoxylin and eosin (left upper panel) showing architectural preservation with open sinuses and regressed ger-
minal centers confirmed by immunohistochemical staining for CD20 and CD3 (left lower panels, both in brown) and for combined CD4 (brown) and CD8 (red) staining 
(scale bar = 200 μm) demonstrating lack of CD4+ cells. B, Cecum biopsy hematoxylin and eosin (left upper panel), showing a lymphoid aggregate in the lamina propria. 
Immunohistochemical staining for CD3 (left lower panel, brown) and for combined CD4 (brown) and CD8 (red) staining revealing lack of CD4+ cells (scale bar = 50 μm). C, 
Immunohistochemical staining of lymphocytes in the superficial dermis of a left tibial verrucous plaque for CD4 (brown) and CD8 (red) (scale bar = 100 μm). Abbreviation: 
H&E, hematoxylin and eosin.
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evaluation of an inguinal lymph node revealed diminutive and 
regressed germinal centers: The B-cell areas, enriched in IgD+ 
naive or unswitched B cells, contained primary follicles with a 
developed CD21+ follicular-dendritic mesh; they did not have 
well-developed secondary follicles with germinal centers but 
rather atretic follicles with small clusters of BCL-6– and PD-1–
expressing cells (Figures 4A and 5A). Accordingly, while cir-
culating T-follicular-helper PD-1+ cells (Tfh) were preserved 
in peripheral blood DN T-cell subsets, lymph node Tfh were 
severely reduced and expressed lower level of ICOS in the 
proband’s CD8+ and DN T-cell subsets compared to healthy 
subject subsets (Figure 4B and 4C, Supplementary Figures 10 
and 11). Flow cytometric analysis of B-cell subsets in peripheral 

blood and lymph node further corroborated the relative ex-
pansion of naive B cells and the absence of germinal center B 
cells or plasmablast/plasma cells compared to healthy subjects 
(Figure 5B and 5C). Importantly, despite normal level of all im-
munoglobulin isotypes and preserved number and distribution 
of long-lived plasma cells in the bone marrow (Supplementary 
Figure 2C), the responses to some immunizations were im-
paired and hepatitis A and B, meningococcal, and Haemophilus 
influenzae vaccines resulted in a modest or a non-lasting re-
sponse (Supplementary Table 2).

Since antigen-specific CD4+ T-cell function is also in-
volved in NK cell activation [12, 13], we evaluated the NK cy-
totoxic function and found a significant impairment in lysis 
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of MHC-I–deficient K562 cells in the proband that was only 
slightly improved by exogenous interleukin 2 (IL-2) stimula-
tion (Figure 6A). Such functional impairment was not associ-
ated with changes in the number (Supplementary Table 1) and 
phenotype of NK cells, as no overt differences in NK cell mat-
uration or expression of known activating and inhibitory killer 
immunoglobulin-like receptors, NKG2D, and perforin were 
detected (Supplementary Figure 12).

Furthermore, as CD4 engagement by MHC-II has been 
previously associated with effect on monocyte differentia-
tion/function [14], we investigated the phenotype and ex 
vivo response to lipopolysaccharide (LPS) stimulation of 

the proband’s freshly isolated peripheral blood monocytes. 
We found that a reduction in CD16-expressing subsets 
and in particular of the nonclassical/patrolling monocytes 
(CD14+CD16++), with relative expansion of the classical 
monocytes (CD14++CD16-), was accompanied with an in-
creased expression of intracellular cytokines in resting con-
ditions, and a blunted upregulation of interleukin 6 (IL-6), 
interleukin 1β (IL-1β), and tumor necrosis factor alpha 
(TNF-α), upon LPS stimulation (Supplementary Figure 13). 
In fact, while the median proportion of monocytes expressing 
IL-6, IL-1β, and TNF-α in the resting condition was 0.6%, 
0.2%, and 0.2%, respectively, in healthy subjects (n = 3), it 
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was 23%, 16%, and 2% in the proband’s monocytes. Upon 
LPS stimulation, the median proportions of monocytes ex-
pressing IL-6, IL-1β, and TNF-α increase to 76%, 74%, 50%, 
respectively, in healthy subjects (n = 3), and to 80%, 64%, 
and 19%, respectively, in the proband’s monocytes (Figure 
6B, Supplementary Figure 13C).

DISCUSSION

The proband’s spectrum of clinical manifestations with in-
creased frequency of upper respiratory infections and HPV-
related skin lesions is consistent with defects in humoral 
immunity and innate antiviral immune responses. Collectively, 
the immunological studies revealed normal levels of total im-
munoglobulin isotypes with preserved long-living plasma 
cells in the bone marrow but impaired responses to some im-
munizations that reflected a paucity of memory B cells and 
plasmablasts/plasma cells and altered trafficking of Tfh in blood 
and lymph node, with accompanying impairment of innate 

immunological defense mechanisms related to the function 
of CD4+ T cells. Nonetheless, the patient has had a relatively 
modest infection history compared to other inborn errors of 
immunity and acquired immunodeficiencies associated with 
CD4+ T-cell depletion, such as HIV/AIDS.

In fact, the germline loss of CD4 expression, besides repre-
senting a novel genetic restriction factor for HIV-1 infection, 
was associated with development of CD4+ T-cell specialized 
functions by both CD8+ and DN T cells and brisk response to 
the homeostatic cytokine IL-7 by DN T cells. Such compen-
satory mechanisms allowed partial mitigation of the clinical 
phenotype with absence of opportunistic infections or autoim-
mune manifestations typically associated with primary or ac-
quired loss of specific CD4+ T-cell subset or function [15–17]. 
Interestingly, even the conventional CD4-helper/CD8-cytotoxic 
dichotomy is surpassed in these circumstances; in fact, we 
document CMV-specific MHC-II-restricted responses in the 
proband’s CD8+ and DN T cells as well as MHC-II–restricted 
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proliferative responses in a 1-way mixed lymphocyte reaction 
with allogeneic monocytes.

Moreover, the effect of the complete germline loss of CD4 on (1) 
distribution of B cells and Tfh cells in lymphoid tissue, (2) archi-
tecture of the germinal centers, (3) response to some immunogens 
and/or adjuvant formulations with stricter requirement for spe-
cific CD4 T helper cells [18–20], (4) NK cytotoxic function, and 
(5) monocyte maturation/function [14] suggests broader immu-
nological consequences contributing to an earlier clinical onset 
and more several clinical manifestations compared to a previously 
reported case of inherited loss of surface CD4 expression [7]. 
Additional studies aimed to further disentangle primary defects 
from the compensatory/adaptive changes caused by loss of CD4 
signaling in the current as well as other clinical models of CD4 
deficiency can clarify the role of CD4 in different immunolog-
ical functions including the extent and durability of humoral re-
sponses to different immunogens, the response to interleukin 16, 
or the maturation, function, and development of innate immune 
cells such as macrophages, eosinophils, and NK cells.

As for other primary immunodeficiencies caused by genetic 
defects intrinsic to the hematopoietic cells (HSCs), the defin-
itive treatment of CD4 genetic defects would require replace-
ment of HSCs carrying biallelic CD4 variants by hematopoietic 
stem cell transplantation with healthy donor HSCs or autolo-
gous genetically modified HSCs.

Nevertheless, the mitigated clinical phenotype observed 
in germline CD4 deficiency may suggest careful clinical and 
immunological monitoring along with primary prophylactic 
interventions rather than autologous or allogeneic stem cell 
transplantation.

Although a reduced ability to control some viral infec-
tions [21–24] and a possible impairment in the control of 
Pneumocystis murina (J. Kovacs, personal communication) have 
been reported in CD4 knockout mice models, the human clin-
ical phenotype described herein is substantially different from 
such animal models as well as from any other human-acquired 
CD4 deficiency. We suggested close adherence to recommended 
immunizations with monitoring of the durability of antibody 
responses and repeat immunizations whenever nonprotective 
responses were identified (ie, hepatitis A and B and meningo-
coccal vaccines). In addition, intermittent screening for serum 
cryptococcal antigen was recommended and sulfamethoxazole-
trimethoprim and low-dose azithromycin were maintained 
in the proband for Pneumocystis jirovecii pneumonia and 
nontuberculous mycobacterial infection prophylaxis as well as 
to provide antimicrobial prophylaxis for recurrent respiratory 
infections in the context of a probable humoral immunity de-
fect [25].

In conclusion, we report the first human with complete 
and ubiquitous inherited loss of expression of any functional 
component of CD4 in tissues as well as in peripheral blood, 
including plasmatic soluble CD4. Although persistent HPV-
related skin disease has been observed in inherited or acquired 
CD4+ T-cell depletion, a concomitant defect in B-cell matura-
tion, along with impaired NK cytotoxicity and monocyte matu-
ration/function, is apparent in this novel and distinct inherited 
loss of any functional component of CD4. These additional 
immunological defects contributed to the proband’s recurrent 
respiratory infections with an episode of respiratory failure and 
may provide novel insights into the distinct role of lymphopenia 
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vs defects in specific CD4+ T-cell functions in the pathogenesis 
of viral respiratory diseases. This case contextualizes in humans 
previous observations from animal knockout models, including 
the emergence of MHC-II–restricted CMV-specific DN and 
CD8+ T cells [3, 26], and disentangles CD4 co-receptor func-
tions in the most definitive characterization of CD4 inherited 
deficiency.
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